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Certain peculiarities in the chemical composition of succulent plants, 
especially those belonging to the family Crassulaceae, have long attracted the 
attention of plant physiologists and chemists. As early as 1815, Heyne (4) 
noted that the leaves of Bryophyllum calycinum (then known as Cotyledon 
calycina) were intensely sour to the taste in the morning but lost their sour 
taste toward evening, becoming bitter instead. The outstanding chemical 
studies of this phenomenon were made 60 years and more ago by Adolph 
Mayer (7) who associated the changes in taste with reciprocal diurnal alter¬ 
ations in the concentrations, respectively, of titratable acid and of sugar. 
He also demonstrated that oxygen is liberated during the deacidification 
process in light, even when carbon dioxide is excluded, and recognized what 
he thought to be an isomer of malic acid. 

An extensive literature on what is commonly referred to as the crassu- 
lacean type of metabolism has since appeared. The papers before 1933 have 
been carefully reviewed by Bennet-Clark (1) [see also Evans (3), and 
Vickery and Pucher (12) ], and there have been a few more recent investi¬ 
gations, notably by Wolf (16, 17). The fundamental observations have 
been repeatedly confirmed, and many additional facts have been recorded; 
it cannot be claimed, however, that a great deal of light has been shed upon 
the chemical mechanisms involved, despite the manifest and widely recog¬ 
nized importance of the problem. Nevertheless, the development in recent 
years of reasonably satisfactory and accurate methods for the analysis of 
plant tissues and, more especially, the identification of Mayer’s alleged 
isomer of malic acid (the so-called “crassulacean malic acid”) as isocitrie 
acid (6,10,11) have led to the hope that renewed study might reveal helpful 
information. In this series of papers, accordingly, the results of analytical 
investigations, chiefly of the leaves and stems of Bryophyllum calycinum, 
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are to be described; the present paper deals with the changes in composition 
that occur during normal growth. The experiments were carried out in 
order to see to what extent the changes in chemical composition of a plant 
which has a pronounced diurnal variation in organic acidity may differ from 
those of a plant, such as tobacco, which does not display this phenomenon. 

Preparation of samples 

Leaves picked from Bryophyllum plants derived originally from a single 
specimen were placed on moist sand in the greenhouse on September 1,1940, 
and, 7 weeks later, the plantlets that had formed on the margins were sepa¬ 
rated and transplanted. On January 2, 1941, 30 young plants were again 
transplanted into sand in individual 1-gallon crocks and were thereafter 
flushed three times a week with a nutrient solution of the composition 0.001 M 
KH 2 P0 4 , 0.00225 M Ca(NO s ) 2 , 0.0041 M MgS0 4 , 0.0021 M KNO s , 0.0043 M 
Mg(N0 3 ) 2 and which contained, in addition, 1 mg. per liter each of boron, 
manganese, and iron. The solution was adjusted to pH 6.0 by the addition 
of 0.4 ml. of 1.0 N sulphuric acid per liter. On March 27, 20 plants of uni¬ 
form height and leaf size were selected and divided into four similar groups 
of five each. One of these groups was taken for the initial sample of the 
growth experiment (recorded as zero time). 

The samples were harvested at 32, 62, and 95 days, on dates selected 
according to the weather, a bright cloudless day being chosen. The leaves 
were broken off at the junction with the petiole, the operation invariably 
being begun between 12:05 and 12:15 p.m. (standard time) in order to pro¬ 
vide as great a degree of similarity as possible with respect to the stage in the 
deacidification process that had been reached in the different samples. The 
thick, mature, dark green basal leaves were kept separate from the thinner, 
smaller and lighter green upper leaves. The separation into groups was 
arbitrary and largely subjective but permitted comparisons to be made be¬ 
tween the composition of mature and of relatively immature leaf tissue when 
the data are expressed in concentration units. Counts and fresh weights 
were taken and the tissue was then immediately dried in an oven at 80° C. 
in rapidly circulating air. 

After removing the leaves, the stalk was cut at the sand level and the 
fresh weight, including the petioles, was determined. The tissue was then 
cut transversely into thin slices and likewise dried. The total time required 
until the tissues were placed in the oven was approximately 1 hour. 

A similar procedure was followed on each of the sampling dates. How¬ 
ever, it was necessary to discard 1 plant each from the 32- and the 62-day 
samples because it was less well developed than the others and had lost a few 
leaves; 2 plants of the 95-day sample were discarded for the same reasons. 
After being dried, all samples of tissue were weighed (crude dry weight) 
before being broken up, and were then powdered in a Wiley mill and subse¬ 
quently preserved in closed containers. The fundamental data on the counts 
and weights are assembled in table I. All analytical determinations were 
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made upon these samples, the results being obtained as percentages of the 
crude dry weight and then computed in terms of grams, or milliequivalents 
in the case of organic acids, per single plant, or in grams per kilogram of 
original fresh tissue weight (i.e., in concentration units), by means of factors 
obtained from the fundamental data. The one method of calculation pro¬ 
vided a means of comparison between the composition of single plants at 
different stages of growth, the other permitted comparisons upon a concen¬ 
tration basis as growth progressed. 


TABLE I 

Fundamental data on counts and weights op samples of Bryophyllum 

calycinum plants 


Growth period (days) . 

0 

32 

62 

95 

Sampling date (1941) . 

3/27 

4/28 

5/28 

6/30 

Number of plants . 

5 

4 

4 

3 

Number of mature leaves . 

33 

68 

124 

149 

Number of young leaves . 

69 

139 

187 

140 

Total number of leaves . 

102 

207 

311 

289 

Total number of petioles . 

57 

65 

85 

60 

Average length of stem (cm.) . 

17 

39 

67 

90 

Crude dry weight of mature leaves (gm.). 

19.2 

44.9 

75.0 

110.9 

Crude dry weight of young leaves (gm.). 

10.6 

39.5 

78.9 

57.7 

Crude dry weight of stems and petioles (gm.) 

6.4 

24.8 

58.9 

74.2 

Crude dry weight of roots (gm.) . 

4.9 

13.4 

23.8 

23.8 

Fresh weight of mature leaves (gm./plant) 

52.9 

122.8 

208.4 

366.0 

Fresh weight of young leaves (gm./plant) 

25.4 

110.2 

203.2 

181.9 

Total fresh weight of leaves (gm./plant) 

78.3 

233.0 

411.6 

547.9 

Fresh weight of stems and petioles (gm./plant) . 

14.1 

77.1 

181.6 

267.7 


Analytical methods 

Many of the analytical methods employed in this laboratory have been 
specially developed and are described in journal papers. A summary of 
these methods, with full references, is to be found in a recent bulletin from 
this Station (15). 

Growth in terms of organic solids and ash 

The data for the fresh weight, the organic and inorganic solids, and the 
water content of both leaf and stem tissue are plotted in terms of grams per 
single plant in figures 1 to 3. During the period of observation, the growth 
rate of both the leaves and stems was essentially linear with respect to in¬ 
crease in fresh weight although that of the stems appears to have been 
slightly accelerated with respect to the rate of accumulation of organic solids 
as the plants increased in size. 

A comparison of the rate of growth of the Bryophyllum plant with that 
of the tobacco plant is of interest. Data obtained during the season 1933 
(13) for tobacco plants grown in the field under conditions of commercial 
production indicated that, 26 days from transplanting, the plants had be¬ 
come well established. At this point they were just passing into a period 
about 35 days long during which they grew at an essentially linear rate, and' 
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the leaves were found to increase in fresh weight at an average rate of 15 
grams per day, the stalks at about 16.6 grams per day. These figures are 
to be contrasted with an average rate of 5.7 grams per day for the leaves and 
2.7 grams per day for the stems of the Bryophyllum plant over the 95-day 





period of the present experiment. Clearly the tobacco plant grows much 
more .rapidly than the Bryophyllum plant when compared at presumably 
analogous points in the course of their respective development. 

Figures 4,5, and 6 show the organic solids, the ash, and the water content 
of the leaf mid stem tissue in concentration units. Although the data for 
the, organic solids of the total leaf tissue indicate a somewhat irregular 
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increase in concentration, those for the young upper leaves (broken line) 
follow a nearly linear course. In the stem, on the other hand, the concen¬ 
tration of organic solids decreased at first and then increased rapidly. 

The concentration of the ash constituents in the young leaves was higher 
than the average for the whole mass of leaf tissue in the plants at the start, 
but the difference became inappreciable as growth progressed. The concen¬ 
tration of ash constituents in the stem decreased rapidly at first, but then 
levelled off and remained essentially constant after 32 days of growth. 

Figure 6 shows that the water content of both leaf and stem tissue 
remained between the limits 90% and 93% of the fresh weight through¬ 
out the experiment. The data for the leaf suggest a small continuous de¬ 
crease in water content with age whereas the stem increased slightly at first 
and then decreased. Although this plant is classified as a “succulent,” the 
water content of the leaves does not differ greatly from that of tobacco. 
Leaves from young growing tobacco plants contain from 89% to 90% of 
water. 

Growth in terms of nitrogenous components 

The rate of accumulation of total nitrogen, protein nitrogen, soluble 
organic nitrogen, and nitrate nitrogen is shown in figure 7. Growth, as 
measured by total nitrogen, gives a curve that is slightly concave to the time 
axis although, as measured by organic solids (fig 2), the curve is linear. 
It may be inferred that, toward the end of the period of observation, the 
rate of synthesis of organic substances free from nitrogen gradually in¬ 
creased relatively to the rate of synthesis of nitrogenous organic substances. 
Nevertheless, the rate of synthesis of protein in the leaf is shown by a curve 
that departs very little from linear it}'. The curve for the soluble organic 
nitrogen ( i.e ., soluble nitrogen exclusive of nitrate), however, indicates that 
the rate of accumulation of this group of substances was not maintained in 
the last interval between observations in spite of the fact that the storage 
of nitrate nitrogen in the tissue increased regularly. The plants were clearly 
living under conditions of liberal, if not luxury, supply of nitrate nitrogen, 
and the alteration in the rate of accumulation of soluble nitrogenous organic 
substances reflects an alteration in the general course of the metabolism as 
the plants matured. As is shown in figure 9, the fluctuations in the concen¬ 
tration of the soluble nitrogenous substances in the young upper leaves go 
far to account for this change; the concentration in the lower older leaves 
remained essentially constant. 

The data in figure 8, showing the rate of accumulation of nitrogen in the 
stem, are plotted on the same scale as those of figure 7. Although the total 
nitrogen of the stem increased almost linearly, at each stage of observation 
slightly more than one-half of the nitrogen was present as nitrate, and only 
about one-quarter as protein. Both nitrate and protein nitrogen accumu¬ 
lated at a steady rate. However, the soluble organic nitrogenous substances 
decreased in the stem during the last period of observation as they did in the 
leaf, again reflecting the change in the general course of the nitrogen metabo- 
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lism as the plants approached maturity. The large quantity of nitrate sug¬ 
gests a storage function for the stem tissue. Analogous observations have 
been made for both tomato (2) and tobacco (13) plants, and the phenomenon 
is doubtless common. 

The concentration of the total nitrogen and of the protein nitrogen in 
both the young and the mature leaves is plotted in figure 9, together with 
the concentration of the soluble organic nitrogen. There is a marked con¬ 
trast between the young and the older leaves; the young leaves were much 
richer both in nitrogen and in protein and the curves for the latter compo¬ 
nent, although somewhat irregular, run parallel to each other for most of 
the period studied. The curve for the concentration of organic soluble nitro¬ 
gen, like that of the total quantity per plant (fig. 7), reveals a moderate 
increase followed by a decrease in the last period of observation. The nitrate 
nitrogen in the whole leaf tissue increased in concentration. 

The relative decrease in soluble organic nitrogenous substances coupled 
with an increase in the protein nitrogen in the plants 95 days old as com¬ 
pared with those 62 days old is of considerable interest. The change is evi¬ 
dent in the data for absolute quantities per plant as well as in those expressed 
on a concentration basis. Examination of the detailed data for the young 
and for the more mature leaves shows that, during the last interval between 
observations, the concentration of protein nitrogen in the mature leaves in¬ 
creased very little while that in the young leaves increased materially. How¬ 
ever, the concentration of soluble organic nitrogenous substances in the 
mature leaves remained constant while that in the young leaves decreased. 
Thus, in the mature leaves, there was a nearly constant relationship between 
the concentrations of soluble nitrogenous substances and the protein, al¬ 
though both increased in absolute amount per plant. In the young leaves, 
on the other hand, an increase in the concentration of the protein was associ¬ 
ated with a marked decrease in the concentration of the soluble nitrogenous 
substances. 

The careful review by Petbie (9) of the literature of protein synthesis 
in the plant suggests that protein synthesis is correlated with the level of 
amino acids in the cell solution but that the relationship is not a simple one; 
other factors, especially the respiration rate and, accordingly, the rate of 
liberation of energy, play a part. The present data are not in conflict with 
Petrie’s view of a “drifting steady state” with respect to the relationship 
between the protein and the amino acids of the plant cells. A reciprocal 
relationship between the concentration of the soluble nitrogen and of the 
protein nitrogen is evident in the young leaves although not in the more 
mature ones. This suggests that the high concentration of soluble nitrogen 
at 62 days may have been a factor in the relative increase in the concentra¬ 
tion of protein nitrogen observed later in the young leaves of the plants. 

Figure 10 shows the Changes in the concentration of the nitrogenous sub¬ 
stances in the stem and should be compared with figure 8 which shows the 
absolute quantities., There was a sharp increase in the concentration of the 
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total nitrogen at the start, and much of this arose from the increase in nitrate 
concentration. Subsequently, the concentration of the nitrate diminished 
slightly and then remained nearly constant. Nitrate nitrogen made up about 
one-half of the total nitrogen of the stem throughout the period studied. 
A high concentration of protein nitrogen is associated with a low concentra¬ 
tion of soluble nitrogen in the youngest plants, but this situation is reversed 
in those 62 days old. In the 95-day-old plants, the concentration of protein 
nitrogen had increased slightly while that of the soluble nitrogen diminished 
materially. The reciprocal relationships in the stem are thus analogous to 
those observed in the young leaves. 

Growth in terms of organic acids 

The composition of the leaf tissues with respect to organic acids is shown 
in figure 11 and that of the stem in figure 12. Bryophyllum leaves are extra¬ 
ordinarily rich in organic acids; the present samples contained from 26% 
to 32% of the organic solids as organic acids, and these substances are, 
accordingly, major components from the quantitative point of view. How¬ 
ever, the diurnal variation in the organic acids present makes it necessary 
to specify the time of collection before quantitative statements have precise 
meaning. During the night, the quantity of acid, especially of malic acid, 
increases but this process is reversed as soon as the leaves are illuminated 
so that the level of organic acids has greatly decreased by midday or early 
afternoon. The present samples were collected at a few minutes past noon 
on bright sunny days; had they been collected in the early morning, malic 
acid would doubtless have been the predominating acid component. The 
smoothness of the curves in figures 11 and 12 suggests that the precautions 
taken with respect to sampling time were effective. 

The total acidity of the leaves, like the organic solids and the protein 
nitrogen, follows a nearly linear course throughout the experimental period, 
and this is also true of the malic acid. The rate of accumulation of isocitric 
acid declined as the plants matured. Citric acid was present in only moder¬ 
ate quantities and the increase during growth was small. Oxalic acid was 
present in the leaf tissue only in traces, the total amount even in the 95-day 
plants being so small as to be scarcely apparent on the scale of the diagram. 

Organic acids make up a smaller relative proportion of the stem tissue 
than of the leaf. Figure 12 is plotted on a scale of 3$ times larger than 
figure 11 in order to show the changes. It will be recalled that the organic 
solids of the stem amounted to about one-half those of the leaves (fig. 2) but 
that the stems of even the oldest plants contained less than one-fifth as much 
organic acid as the leaves. This is the reverse of the situation observed in 
the rhubarb plant where the petiole was found to be far richer in organic 
acids (14) than the blade. 

The general picture of the rate of accumulation of organic acids in the 
stem is, however, not unlike that in the leaves. The total organic acids 
increased along a straight line curve for 62 days, but the curve then turned 



8 


PLANT PHYSIOLOGY 


upwards as the relative quantity of organic solids increased in the more 
mature stems. The curves for “isocitric” acid and malic acid conform. 
Neither citric nor oxalic acid was present in more than traces in the stem 
tissue. 




Some discussion is necessary of the meaning of the term “isocitric acid” 
as used in the analyses of these tissues. It has been shown that by far the 
greater part of the difference between the total organic acids and the sum 
of the malic, citric, and oxalic acids in Bryophyllum leaves consists of iso¬ 
citric acid (10). Accordingly, this difference, which in previous papers 
from this laboratory is denoted as “unknown organic acid," may, in the 
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particular case of the leaves of Bryophyllum, he used as an approximate 
measure of the isocitric acid content. The error with this tissue is certainly 
not important. But we have obtained, as yet, no direct evidence that iso¬ 
citric acid is present in the stems of this plant. It seems a reasonable 
assumption, however, that the qualitative composition of the stem will not 
differ greatly from that of the leaf and, accordingly, the proportion of un¬ 
known organic acids in the stem has been provisionally denoted as “isocitric 
acid.” Analytical methods for isocitric acid have been developed during 
the past two years in other laboratories (5, 8). These methods, however, 
depend on the use of specific enzymes, and their application to the analysis 
of plant tissues has not yet been made in this laboratory. 

Figure 13 shows the organic acids of the leaf tissue expressed in concen¬ 
tration units. During the first 32 days of growth, there was a marked in¬ 
crease in the concentration of the total acids much of which arose from the 
increase in malic acid; subsequently the concentration diminished moder¬ 
ately. The behavior of malic acid in the mature and in the young leaves was 
different. The young leaves showed a steady increase in malic acid through¬ 
out the experimental period, but the mature leaves increased in malic acid 
only in the first interval between observations. 

The behavior of the concentration of the acids in the stem tissue is shown 
in figure 14, which is plotted on a scale twice that of figure 13. The total 
acids decreased for the first 62 days and then increased, and both malic acid 
and isocitric acid shared in the change. The small concentrations of citric 
and oxalic acids present altered very little. 

Figure 15 shows the organic acids of both leaf and stem tissue as per¬ 
centages of the organic solids. Isocitric acid is the predominant organic 
acid and was present to the extent of 18% of the organic solids of the leaves 
of the youngest plants but the proportion decreased as the plants matured. 
Young plants are thus obviously to be preferred for the preparation of 
isocitric acid in quantity. With such material, the relative proportion of 
isocitric to citric acid is greatest, a circumstance favorable for the separation 
by chemical means, and greater yields would be anticipated. It would also 
be more economical of time to work with young plants. 

The data for the concentration of the acids in the organic solids of the 
stem are plotted in the lower part of figure 15. As has already been pointed 
out, this tissue is relatively low in organic acids and the acidity diminishes 
with increasing age. The stems of the young plants contained 15% of the 
organic solids as organic acids and this proportion dropped to 10%. “Iso¬ 
citric acid” made up about 8% of the solids of the young stems and 5% of 
the oldest. The proportion of malic acid was somewhat less in each case. 

Growth in terms of carbohydrates 

Figure 16 shows the rate of increase in total and unfermentable carbo¬ 
hydrates in the leaf tissue, the data representing the reduction measured 
with the Shaeffer-Somogyi sugar reagent, and being expressed in terms of- 
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glueose. The leaf tissue is moderately rich in sugar, the composition, ex¬ 
pressed as percentage of the organic solids, ranging from 8.6% to 6.8% in 
the mature leaves, and from 3.7% to 4.9% in the young leaves. The present 
figures represent, of course, only the condition at the time of collection of the 
samples with respect to a component that fluctuates within fairly broad limits 
during the day. However, the rate of accumulation of total carbohydrate 
was essentially linear over the period of observation, suggesting that the 
samples were taken at comparable stages in this metabolic process. 

' The component designated unfermentable carbohydrate represents a 
titration for sugar carried out after treatment of the extract from the leaf 
with yeast. Clearly, a substantial part of the total carbohydrate consists of 
substances that are not removed by this treatment, and it is well known that 
components of similar behavior are commonly found in leaf tissues. The 
rate at which this type of carbohydrate accumulated seemed to increase 
moderately as the plants developed. 

The quantities of crude fiber, determined by the conventional analytical 
method, are also shown in figure 16. This material doubtless consists mainly 
of cellulose and the rate of accumulation serves as an approximate measure 
of the rate of growth of the cell walls. The curve is, within the limits of 
error, linear throughout the period of study. It is of interest that the quanti¬ 
ties of crude fiber in the leaf tissue are nearly identical with the quantities 
of soluble carbohydrates in each sample. However, no significance should 
be attached to the coincidence of the curves. No such agreement was ob¬ 
served in the case of tobacco leaves; in these, the slopes of the analogous 
curves were quite different. 

The chief carbohydrate component of the leaf tissue was starch. The 
analytical values have been divided by 5 in order to bring them within the 
scale of figure 16, and it is to be noted that the rate of accumulation of starch 
was continually accelerated as the plants matured. By far the greater part 
of the starch was found in the older leaves and it is clear that the rate of 
growth, as measured by the accumulation of starch, is a function quite differ¬ 
ent from the rates as measured, for example, by the organic solids or the 
protein nitrogen, both of which were essentially linear. As the plants in¬ 
creased in age, the leaves became increasingly efficient with respect to the 
synthesis, or at least the storage, of starch. 

The data plotted in figure 17 shows that the stem is, in general, lower in 
carbohydrates than the leaves. The values for total carbohydrate range from 
3% to 5% of the organic solids. Unfermentable carbohydrate was present 
although in relatively small proportion. The rate of accumulation was slow 
at first but then followed an approximately straight line curve. 

The most important carbohydrate component of the stem tissue was cellu¬ 
lose as is shown by the curve for the crude fiber. The rate of deposition of 
cellulose was slow-at first, but proceeded subsequently at a linear and more 
rapid rate. However, there was less crude fiber in the stem than in the leaves 
throughout the period of observation. This is in marked contrast to the 
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behavior of the tobacco plant, the woody stem of which soon exceeds the 
leaves in quantity of crude fiber present and, at maturity, contains ten or 
more times as much. 



The stems contained only moderate quantities of starch, less indeed than 
of soluble carbohydrates, and the rate at which starch appeared conforms 
with the rates for the soluble carbohydrates. There would appear to be little 
connection, therefore, between starch synthesis in the stem and that in the • 
leaves. 
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The concentration of the carbohydrate components in terms of fresh 
weight is shown in figure 18. In the mature leaves, the total carbohydrates 
increased moderately with age, but, in the young leaves, the rate of increase 
was somewhat greater. However, the concentration was invariably much 
higher in the mature than in the young leaves. The unfermentable carbo¬ 
hydrate components were also present in higher concentration in the mature 
than in the young leaves; there was a moderate increase in the mature leaves 
with age, but the concentration in the young leaves remained fairly constant 
throughout 

The concentration of total carbohydrate in the stem dropped sharply 
during the first 32 days, but subsequently increased to approximately twice 
the minimal value. 

The concentration of crude fiber in the entire leaf tissue is also shown in 
figure 18; there was no change during the first 32 days of growth but, subse¬ 
quently, the proportion increased. The behavior of the crude fiber in the 
stem tissue was quite different; it decreased in relative proportion at first, 
remained nearly constant for a considerable period and then increased. The 
concentration changes of fiber in the stem were thus analogous to those of 
the total organic solids (fig. 4) and the total organic acids (fig. 14). 

The concentration of the starch in the leaves has not been plotted in 
figure 18 since the values are outside the scale of this diagram. In the young 
leaves it ranged from 8.8 grams per kilo in the plants at zero time to 17.0 
grams per kilo in those 95 days later. The corresponding figures for the 
mature leaves were 11.1 and 24.7 grams per kilo. The values for the stem 
are shown, however, and indicate that the stems were relatively richer in 
starch at zero time than they later became. The changes in concentration 
conform moderately well with those of the total carbohydrate in the same 
tissue. 

Sedoheptose 

In figures 16 and 17, an additional component of the soluble carbo¬ 
hydrate fraction is shown at the bottom of the diagram and is marked “sedo¬ 
heptose.” Sedoheptose was discovered by LaFobge and Hudson (6) in 1917 
in the leaves of Sedurn spectdbUe. It is characterized by the fact that the 
reducing power of a solution of the sugar is diminished by approximately 
80% of its original value when the solution is heated with 1% hydrochloric 
acid. The change is the result of the loss of one molecule of water which 
gives rise to the formation of an anhydride Dr sedosan; the reaction appears 
to be an equilibrium. Bennet-Clabk (1) has employed a method based on 
this change in reducing power on treatment with acid to detect sedoheptose 
in the leaves of succulent plants, among them Bryophyllum calycinum, and 
has further noted, in the case of Sedum praealtum, that the sugar component 
which has this property undergoes wide diurnal variations in amount, these 
variations being reciprocal with those of the acidity. Wolf (16), however, 
was unable to confirm this in the case of Bryophyllum calycinum; rather, 
he demonstrated reciprocal variation of the fermentable carbohydrates and 
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of the starch as against the changes in the acidity. Nevertheless, he secured 
evidence of the presence of sedoheptose in Bryophyllum leaves by the isola¬ 
tion of a phenylosazone that corresponded closely in properties to that de¬ 
scribed by LaForge and Hudson. 

A brief study of the reducing power of extracts from Bryophyllum leaves 
confirmed the presence of a carbohydrate which was diminished in reducing 
power when the extract was boiled with dilute acid. These analyses were 
carried out on extracts that had not been treated with yeast; otherwise lower 
and erratic results were obtained. Experiments in which sulphuric acid of 
concentrations in the range 0.2 to 1.0 N were used showed that a concentra¬ 
tion of 0.35 N was most satisfactory for the formation of the anhydride ring. 
With this reagent, a maximal diminution of the reducing power was secured 
after the solution had been boiled for 30 minutes. No further loss occurred 
after the solution had been boiled for 30 additional minutes. Weaker acid 
reagents required longer times while a reagent as strong as 1.0 N gave 
smaller diminutions probably because of the hydrolysis of complex carbo¬ 
hydrates. 

The diminution of the reducing power, expressed as glucose, is plotted 
in figure 16 as “ sedoheptose ’ ’ in spite of the fact that it is known that the 
anhydride formation with pure sedoheptose is incomplete. LaForge and 
Hudson state that the equilibrium occurs when 80 % of the sugar has been 
converted, while Bennet-Clark observed 75%. Furthermore, the relation¬ 
ship between the sugar reagent standardized in terms of glucose and the 
quantity of sedoheptose reduced is unknown. Because of these two uncer¬ 
tainties, it seemed best to plot the actual quantities of reagent reduced, in 
terms of glucose, and to postpone the interpretation in terms of the quantities 
of sedoheptose involved. 

With these restrictions of the meaning of the term defined, “sedohep¬ 
tose” was observed in significant amounts only in the mature leaves of the 
62- and 95-day plants. In these, it made up a substantial part of the unfer- 
mentable carbohydrate, almost certainly a larger part than is suggested by 
the relative positions of the curves drawn in the figures. The more mature 
leaves of the youngest plants gave evidence of only a trace of this component, 
while the young leaves of all save the 95-day plants gave either an increase 
in reduction when the extracts were heated with acid or no change. The 
stems of the 62- and 95-day plants also showed evidence of a trace of “sedo¬ 
heptose” but, if any were present in the stems of the 0- and 32-day plants, 
it was not detected since the reduction was increased slightly by the treat¬ 
ment with acid. Clearly, therefore, “sedoheptose” is a component that 
could be demonstrated only in the mature leaves of fairly old plants and, 
possibly, in the stems of the same plants. 

Composition of Bryophyllum tissues 

Table II shows estimates of the quantitative composition of the leaf and 
stem tissue of these samples of Bryophyllum plants. The data for protein 
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are computed from the protein nitrogen by multiplication by the conven¬ 
tional factor 6.25, a procedure that is admissible in the absence of informa¬ 
tion on the actual nitrogen content of the tissue protein. The estimate of 
the quantities of soluble nitrogenous components is made by multiplying the 
data for non-protein soluble nitrogen, exclusive of nitrate, by the factor 10. 
This is doubtless an overestimate since the average nitrogen content of the 
substances in this group, presumably amino acids, amides, polypeptides, and 
basic substances such as choline, purines, and basic amino acids is greater 
•than 10%. However, it has been found, in other samples of Bryophyllum 
leaves, that from 35% to 40% of the soluble nitrogen is normally present as 
amino nitrogen; thus a considerable part of the substances concerned prob¬ 
ably does consist of amino acids and the factor 10 can be used for these 
without grave error. 

Table II also gives data for the ether extract of the samples. This was 
obtained by the conventional procedure and represents chlorophyll, lipid 
pigments, and other fat-solvent soluble material; probably only a small part 
of it consists of true fat. 

The quantities of organic acids were computed from the analyses in terms 
of milliequivalents by the use of the appropriate factors. 

The sums of the estimates are shown, together with the determined 
quantities of organic solids; the difference between these thus represents that 
part of the organic material concerning which no qualitative information 
is available. In the leaf tissue, this unknown part amounts to from one- 
quarter to one-sixth of the organic solids. In the stem tissue, on the other 
hand, the unknown part makes up appreciably more than one-half of the 
total, and suggests that a number of major components await detection and 
determination. Nothing but speculation can be offered concerning these 
unknown components in either leaf or stem tissues. However, such sub¬ 
stances as glucuronides of the pectin type are probably present in the leaf 
and complex carbohydrates such as hemicellulose in the stem. Clearly, much 
remains to be learned regarding the qualitative composition of the tissues 
of this plant. 

Comparison of Bryophyllum with tobacco 

In figures 19, 20, and 21 are shown data taken from a study of the rate 
of growth of the tobacco plant (13) plotted together with a few of the more 
important items of the present data on the Bryophyllum plant in order to 
afford a comparison of the behavior of the two species. Figure 19 shows the 
organic solids and the protein nitrogen of the leaf tissues, these being selected 
as perhaps the most clearly illustrative of the relative rates of growth. The 
protein nitrogen values have been multiplied by 40 in order to obtain curves 
that can be plotted on the same diagram with the solids. Zero time for the 
tobacco plants is arbitrarily taken as the point at which the composition with 
respect to nitrogenous components was essentially identical with that of the 
youngest Bryophyllum plants. This occurred 26 days after the tobacco seed¬ 
lings had been set in the field when the plants had become well established 
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and were just beginning to grow at a rate which followed a nearly linear 
course for the next four or five weeks. It is assumed that, during this period, 
the plants were passing through a phase of growth analogous to that of the 
present series of Bryophyllum plants. At all events, this was the purely 
vegetative stage in the growth period of the tobacco plants. The first samples 
of inflorescence tissue, mainly flower buds, were collected from the tobacco 
plants at 61 days from transplanting (i.e., at 35 days on the scale of figures 
19 to 21) and subsequent samples contained increasing quantities of flowers 
and developing seed pods. The change in the course of the metabolism, as 
the plants passed into the reproductive phase, is illustrated on the curve for 
the leaf protein which flattened out and then fell as protein was withdrawn 
from the leaves during the ripening of the seeds. There was also a loss of 
organic solids from the leaves. The main point of interest in the present 
comparison is, however, the contrast between the relative rates at which leaf 
protein and leaf organic solids were formed during the first 40 days of 
growth of the tobacco plant and their behavior in the Bryophyllum plant. 
Clearly, the tobacco leaf is considerably richer in protein, in relation to the 
organic solids, than is the Bryophyllum leaf, while the rate of growth, as 
measured by the rate of accumulation of the leaf protein, is about four times 
as rapid. The rate of growth, as measured by the organic solids of the leaf, 
is about twice as great. 

Figure 20 shows the composition of the leaves of the two species with 
respect to organic acids. In the tobacco leaf, malic acid is by far the pre¬ 
dominating acid component, and the curve follows in fairly close detail that 
for the organic solids in figure 19. Oxalic acid is next in relative importance 
as a component, and the “unknown” organic acids are present in closely 
similar amounts. The curve for the “unknown” acids of the tobacco leaf 
should be compared with that for isocitric acid in the Bryophyllum leaf, the 
main acid component of this species. Both curves depend upon analytical 
data obtained in the same way, the difference being that the “unknown” 
acids of the Bryophyllum leaf have been shown to be comprised largely of iso¬ 
citric acid. Whether or not isocitric acid occurs in tobacco leaf has not been 
demonstrated. However, observations on the organic acid esters of high 
boiling point obtained from tobacco leaf tissue suggest that isocitric acid can 
be present only in traces if at all. 

Citric acid is a minor component of both the tobacco leaf and the Bry¬ 
ophyllum leaf, and the curves for the rate of accumulation in the two species 
are closely similar; in fact this is the only point in which the two are closely 
alike. 

The curve for malic acid in the Bryophyllum leaf represents the compo¬ 
sition with respect to this component at noon on sunny days. Had the sam¬ 
ples been collected earlier in the day, the curve would, doubtless, have been 
displaced vertically upwards and might also have had a somewhat different 
slope. Nevertheless, the rate of accumulation of malic acid in this plant, as 
a function of age and with this restriction on the time of collection, is clearly 
less than it is in the tobacco plant. 



PUCHER ET AL.: BRYOPHYLLUM CALYCINUM CHANGES 


17 


The curves for the total organic acidity of the two species are not plotted 
in figure 20; they show, however, that the tobacco plant accumulates organic 
acids in the leaves, during the approximately 40-day period of its maximal 
growth rate, somewhat more rapidly than the Bryophyllum plant. However, 
the check that is placed on the development of the tobacco leaf by the onset 
of the reproductive phase brings the synthesis of organic acids to a stop, 
while accumulation of acids in the Bryophyllum leaves continues as is shown 
in figure 11. Nevertheless, if observations on Bryophyllum leaves were made 
in the early morning, there is little doubt that the rate of accumulation of 
total acids would closely approach that of the tobacco leaf. 

The qualitative composition and, with the exception of citric acid, the 
relative rates of synthesis of the organic acids in the two species are entirely 
unlike. The differences with respect to oxalic acid and isocitric acid are 
perhaps the most striking. Oxalic acid is an important component of 
tobacco leaf tissue but is present in Bryophyllum leaves only in traces. The 
reverse is true for isocitric acid. The metabolic systems that lead to the syn¬ 
thesis of organic acids in the two plants are thus entirely unlike; although 
there are, doubtless, certain features common to the two, since malic and 
citric acids are components of both, the details of the chemical mechanisms 
in which organic acids share are manifestly widely different. 

Figure 21 shows the relative rates of accumulation of soluble carbohy¬ 
drates in tobacco and Bryophyllum leaves. Although the type of tobacco 
plant described (the so-called Connecticut shade-grown tobacco) is charac¬ 
terized by a somewhat low level of carbohydrate content, particularly of 
starch, it is obviously a species that synthesizes soluble sugars in the leaves 
more rapidly and in larger quantities than the Bryophyllum plant. Much 
of the unferinentable carbohydrate of the mature Bryophyllum leaf is doubt¬ 
less sedoheptose but this is certainly not true of the tobacco leaf, although 
unfermentable carbohydrates make up a large part of the soluble sugars in 
this species. Thus, both qualitatively and quantitatively, the composition of 
the two kinds of leaves is widely dissimilar. 

Summary 

The composition of the leaf and stem tissue of Bryophyllum calycinum 
plants, harvested at noon on sunny days at intervals over a period of 95 days, 
has been determined in order to obtain fundamental data upon the rate of 
growth of a plant which is characterized by a pronounced diurnal variation 
in organic acid content. The composition is recorded in terms of grams per 
plant. The rate of accumulation of the fresh weight and of many of the 
components, in particular the organic solids, the ash, the water, the protein, 
the nitrate nitrogen, the soluble carbohydrates, the crude fiber (cellulose), 
the total organic acids, and the malic acid followed essentially straight line 
curves throughout the period of observation. On the other hand, the total 
nitrogen followed a curve somewhat concave to the time axis, as was true also 
of the isocitric acid and citric acid, suggesting a gradual slowing of the rate' 



18 


PLANT PHYSIOLOGY 


pf accumulation of these components, while the starch of the leaves, by far 
the most plentiful known component of this tissue, followed a curve mark¬ 
edly convex to the time axis indicating an increase in relative capacity for 
the storage of starch as the leaves matured. 

The data have also been computed in concentration units, namely in 
grams per kilo of fresh weight of the tissues. These curves show a moderate 
degree of irregularity in the relative concentrations of the various compo¬ 
nents at different stages of growth. 

Comparison of the data with similar results for the tobacco plant, at an 
analogous period in the life cycle, showed marked differences in the rate of 
accumulation of most of the components. The tobacco plant grows much 
faster as measured by almost all of the criteria. The most important excep¬ 
tion is in the rate of accumulation of organic acidity; isocitric acid is formed 
almost as rapidly by the Bryophyllum plant as malic acid is by the tobacco 
plant, and citric acid is formed at almost equal rates in the two species. On 
the other hand, oxalic acid, which is a major organic acid component of the 
tobacco plant, is present only in traces in Bryophyllum. 

Isocitric acid is the predominating organic acid component of Bryophyl¬ 
lum leaf tissue and is present in young leaves to the extent of about 18% of 
the organic solids; such tissue is accordingly valuable for the preparation of 
this rare acid in quantity. 

We are indebted to the Department op Analytical Chemistry of this 
Station for the determinations of crude fiber and ether extract in these 
samples. 

Connecticut Agricultural Experiment Station 
New Haven, Connecticut 
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Introduction 

Shelled com which molded during storage was found to be high in fat 
acidity and moisture percentage and low in bushel weight (10). Because 
many different fungi were associated with the molded condition of the com, 
the extent to which the individual fungi contributed to these changes was of 
interest. Laboratory studies were conducted by infesting sterile corn with 
pure cultures of different fungi which were obtained from the naturally 
molded shelled com found in the storage bins (10). Determinations were 
made on the laboratory-molded corn for changes in organic matter, water- 
soluble and -insoluble nitrogen, fat acidity, pH and water content. These 
same fungi were also cultured on Czapek-Dox medium to determine their 
carbohydrate-utilizing and acid-producing capabilities on this medium in 
comparison with com. 

Materials and methods 

The 9 fungi used were: Aspergillus flavus Link, A. candidus Link, A. 
niger van Tieghem, A. amstelodami (Mangin) Thom and Church, Penicillium 
palitans Westling, P. chrysogenum Thom, and cultures I and II P. rugu- 
losurn Thom and Mucor racemosus Fresenius (these cultures differed in color 
and in growth rates on agar media). Subcultures of each of these were pre¬ 
pared in quadruplicate on sterile com as follows: Lots of 150 gm of Iowa 
hybrid 939 com with approximately 15% moisture were placed in each of a 
number of 500-ml. Erlenmeyer flasks which were plugged with cotton and 
steamed at 15 lbs. pressure for 45 minutes on two consecutive days. After 
the final steaming, and while the flasks and corn were still hot, measured 
quantities of hot, sterilized, distilled water were added aseptically to the corn 
to bring it to approximately 32% moisture content. Several days at room 
temperature were then allowed for the corn to absorb the added moisture. 
This process was facilitated by frequently shaking and rotating the corn 
within each flask. The com was then carefully infested with dry spores of 
each of the fungi except Mucor racemosus. The spores of the other fungi 
were taken from old sporulating cultures on the flattened end of a nichrome 
transfer-needle and carried to the mouth of the proper flask at which position 
they were^howered. The spores of M. racemosus were prepared in aqueous 
suspension and distributed by drops in amounts of 1 ml. per flask. The con- 
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tents of each flask were then mixed by hand-rotating the flask for about 1 
minute and this was repeated several times over the succeeding days. The 
flasks of corn were then set aside in the laboratory for periods up to 4 weeks 
for the fungi to grow. Controls without mold infestation were also included 
in this test. 

At the different analysis periods, the moldy corn and the mold-free con¬ 
trols were emptied on pieces of cheesecloth from each of the quadruplicate 
flasks and dried for several days at the temperature of the laboratory with 
the aid of an electric fan. Further drying was done at 70° C. over a 4-6- 
day period in an electrically heated oven, after which the material was 
ground for analysis to pass a 200-mesh sieve. The moisture content of the 
ground material was determined with a vacuum oven at 70° C. Fat acidities 
were determined by the method of Zeleny and Coleman (14). Water- 
soluble nitrogen was determined on 100 ml. of aqueous extract from 2 gm. 
of the material (water-free basis). This extract was prepared by shaking 
the material in water for 8 hours at the temperature of the laboratory. 
Water-insolu,ble nitrogen was taken as the difference between the total 
nitrogen in the unextracted moldy corn and its water-soluble nitrogen con¬ 
tent. Determinations of pH were made with a Coleman electrometer on a 
suspension of 1.0 gm. ground material in 10 ml. of boiled, distilled water. 
The water content of each culture was taken as the difference between the 
wet and dry weights of the culture flask contents. The organic matter con¬ 
tent of each culture was taken as the dry matter content of each flask. 

Liquid culture studies of the fungi were conducted on Czapek-Dox 
medium. Twenty-five mi'liliters of this medium were placed in a number 
of 125-ml. Erlenmever flasks and sterilized at 15 lbs. steam pressure for 15 
minutes. Spores of the different fungi were introduced onto this medium 
in a manner similar to that on corn, except that in the ease of M. racemosus 
only two drops of a spore suspension were added to the medium in each 
flask. The fungi were allowed to grow on this medium for 1, 2, and 4 weeks 
at ordinary laboratory temperatures. At these periods the developed 
mycelium was removed from a number of cultures by decantation and filtra¬ 
tion through pieces of washed percale cloth after which it was carefully 
removed from the cloth with forceps, washed in small quantities of hot, dis¬ 
tilled water, dried at 70° C. for 3 days, and weighed in a closed weighing 
bottle. The filtrates from the liquid culture were increased to 100 ml. 
volume with distilled water, then analyzed for the remaining glucose and 
for other reducible substances by means of the copper method of van deb 
Plank (13) and the iodometric method of Hinton and Macaba (5). The 
titrable acidity and pH of this diluted filtrate were also determined* 

Experimental results 

Growth op the fungi on corn 

Two trials were conducted on corn to determine the organic matter; fat 
acidity and nitrogen changes resulting from the activity of the 9 fungi.' 
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The first trial was divided into two parts with 4 of the 9 fungi being com¬ 
pared at one time and the remaining five at another time. The second 
trial compared all of the 9 fungi simultaneously. In the first trial, organic, 
matter, fat acidity, water-soluble, and -insoluble nitrogen were deter¬ 
mined, while in the second trial water formation and pH of the molded corn 
were also determined. Because the second trial yielded essentially the same 
results as the first trial and simultaneously compared the 9 fungi and 
afforded the information on water formation and pH changes, its data are 
mainly considered here. Some pertinent data of the first trial are also 
presented. 

Organic matter losses 

As may be seen from the data of the second trial shown in table I, four of 
the nine fungi induced marked organic matter losses. The greatest loss 
(approximately 40%) was induced by Aspergillus flavus, A. niger, Peni- 
cillium chrysogenum I, and P. chrysogenum II in the 4-week interval follow¬ 
ing infestation. Losses of 20.1%, 14.5%, 11.9%, 10.4%, and 6.4% in this 
same interval were induced by Aspergillus candidus, Pcnicillium palitans, 
P. rugulosum, Mucor racemosus and Aspergillus amstelodami, respectively. 
The losses at the 2-week interval with 6 of the fungi were approximately one- 
half of these while those with Penicillium palitans, P. rugulosum, and M. 
racemosus were lower. 

In the first trial, where the analyses were made at weekly intervals in¬ 
stead of at 2-weekly intervals as in the second trial, similar losses of organic 
matter were obtained. These losses were approximately linear with all the 
fungi over the 4-week period following inoculation. As in the second trial, 
Aspergillus flavus, Penicillium chrysogenum I, P. chrysogenum II, and 
Aspergillus niger were similar in their high rate of organic matter decom¬ 
position (fig. 1), causing approximately 40% losses of organic matter in 4 
weeks, even though the first two and the last two fungi were tested at differ¬ 
ent times. The other fungi, which were also tested at different times, com¬ 
prised a group with organic matter decomposition at approximately one- 
fourth of this rate. 

Fat acidity changes 

The high fat acidities of around 200 units and as high as 380 units pre¬ 
sented in table I and figure 1 for the two trials compared favorably with the 
high fat acidities found occurring in molded shelled corn under commercial 
storage (10). The highest value in this instance of 273 units per 100 grams 
of dry matter was greater than any reported by Zeleny (14) for sample 
grade corn, but approached that for badly heated or Diplodia zcae infected 
com. In the present experiments, 200 and more units of fat acidity were 
produced by Aspergillus flavus, A. niger, Penicillium chrysogenum I and 
P. chrysogenum II, the fungi which caused the greatest and most rapid 
'organic matter losses and by Aspergillus amstelodami and Mucor racemosus, 
the fungi which caused lower organic matter losses. The remaining 3 fungi, 
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Penicillium palitans, P. rugulosmt, and Aspergillus candidus produced fat 
acidity values of between 100 and 150 units (table I and fig. 1). These 
values were low in comparison with those produced by the other fungi, but 
approached the fat acidities found in the poorest of sample grade corn (14). 



O lO 20 30 AO 50 60 70 

Organic maHer lossCgms/) 


Fig. 1 . Eolation between organic matter loss and fat acidity at 4 successive weekly 
intervals. Data from the first trial. 

As may be seen from the data in table I, the maximum fat acidity values 
produced by the different fungi were reached by approximately the end of 
the 2-week period, except for Mucor racemosus, which produced an even 
greater fat acidity by the end of the 4-week period. In the first trial, on 
the other hand, the maximum fat acidity values were reached within the 
first week by Aspergillus flavus, A. candidus, and Penicilliutn chrysogenum 




TABLE I 

Analysis of steam sterilized corn molded by nine fungi 
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I, within the third week by P. rugulosum, P. paUtans and Aspergillus niger 
and beyond the fourth week by A. amstelodami, Mucor racemosus and pos¬ 
sibly P. chrysogenum II (fig. 1). In both trials, no over-all relationship 
was evident between the quantity of organic matter lost and the fat acidities 
produced. The fungi continued to decompose organic matter even after the 
maximum fat acidities were produced (table I and fig. 1). 

pH changes 

The pH changes of the molding corn were in the acid direction (table I). 
The greatest drop in pH (from the initial 6.0 to 3.4) was induced by Asper¬ 
gillus niger. No relationship was evident with the different fungi between 
the changes in pH, the fat acidities and the quantity of organic matter 
decomposed. 

Nitrogen changes 

The changes in the nitrogen content of the corn (table I) reflected the 
metabolic activities of the fungi. In the two trials, the water-insoluble 
nitrogen deereased while the water-soluble nitrogen increased. Total nitro¬ 
gen decreased, presumably because ammonia was formed and escaped as 
a gas. Only 8% of the total nitrogen in the corn was initially water-soluble, 
while the remainder was water-insoluble. 

After 2 weeks of fungus growth (table I), the water-soluble nitrogen 
proportion in the moldy corn was changed to 25.5%, 20.4%, 27.5%, 19.3%, 
and 35.6% by Aspergillus flavus, A. candidus, A. niger, Penicillium chryso¬ 
genum I and P. chrysogenum II, respectively, and to 9.7%, 12.2%, and 
14.2% by P. palitnns, P. rugulosum and Mucor racemosus, respectively. The 
first 5 fungi caused the greatest quantity of organic matter loss in this inter¬ 
val ; namely, 26.4'r, 12.8%, 21.0%, 19.1% , and 19.8% respectively; while the 
last 3 fungi were very weak iu this capacity, causing 4.0%, 1.8%, and 1.6% 
losses, respectively. Aspergillus amstelodami caused a 3.6% loss of organic 
matter without increasing the proportion of water-soluble nitrogen in the 
moldy corn over the original. However, since there was a lowering of water- 
insoluble nitrogen in the corn, this indicated that some nitrogen was being 
mobilized by this fungus. 

After 4 weeks of fungus growth the proportion of water-soluble nitrogen 
in the moldy corn was further increased only by those fungi which caused 
but slight organic matter losses at the 2-week period. With those fungi that 
were the greatest decomposers of organic matter the water-soluble nitrogen 
did not undergo any further increase but even decreased in amount. Auto- 
lytic processes (2, 3, 6) presumably were responsible for this latter result. 

Relation between nitrogen changes and organic matter losses 

Heck (4) has pointed out that 40% to 70% of fungus nitrogen is water- 
soluble. In view of this finding, and those just presented, the extent of 
the decreases in the water-insoluble nitrogen and the increases in the 
water-soluble nitrogen obtained in the molding com might be considered 
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as indicators of the relative extent of fungus development. In figure 2 is 
presented the linear relationship between the quantitative loss of organic 
matter by the different fungi after 2 and 4 weeks’ development and the 
decrease in the water-insoluble nitrogen. Linearity was also obtained, as 
shown in figure 3, between loss of organic matter and the increase in the 
amount of water-soluble nitrogen at the 2-week period. At the 4-week 
period, this linearity was not obtained presumably because of autolytic 



Organic matter loss (gms.) 

Fig. 2. Regression of increase in water-soluble nitrogen on organic matter loss after 
2 and 4 weeks of fungus development. (Data from table I.) 

processes surrounding the activities of Aspergillus flavus, A. candidus, A. 
wiger, Penicillium chrysogenum I and P. chrysogenum II. Autolysis might 
be expected at this later period with these fungi because they were the most 
rapid growers and decomposers of organic matter. Continuation of growth 
activity eventually would result in the hyphae being in an unfavorable 
environment of depleted carbohydrate supply; in consequence they would 
undergo autolysis. This process in molds is known to result in nitrogen 
losses from the hyphae in the form of ammonia (2, 3, 6). 

, . Water formation 

The quantity of water that each fungus produced during its activity on 
com is presented in table I. No special effort was made during this experi- 
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ment to prevent the loss of water by evaporation from each culture othef 
than to plug the opening of each flask with a tight wad of cotton. Since 
the moisture content of the uninfested control corn remained unchanged 
after 2 and 4 weeks’ standing in the laboratory, this suggested little or no 
water loss by evaporation. 



Fig. 3. Regression of decrease in water-insoluble nitrogen, on organic matter loss 
after 2 and 4 weeks of fungus development. (Data from table I.) 

The striking linear relationship between the percentage loss of organic 
matter induced by the different fungi after 2 and 4 weeks of development 
and the percentage of moisture (wet basis) in the molding corn at these 
two periods is presented in figure 4A. For every 1% loss of organic matter 
there was a corresponding rise of 0.55% moisture in the corn. The quanti-* 
tative relationship between these two variables after 2 and 4 weeks of fungus 
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development and during the interval between the second and fourth weeks 
of development is shown in figure 4B. The ratio between the organic matter 
lost and the water formed was 1:0.701 at the 2-week period, 1: 0.601 at the 
4-week period, and 1:0.380 during the interval between the second- and 




Pig. 4. A. Regression of percentage moisture (wet basis) on percentage loss of 
organic matter of corn digested by different fungi after 2 and 4 weeks. Y = 0.55X + 32.63. 
B. Regression of gramp water formed by different fungi on grams organic matter loss 
after 2 weeks (Y = 0.701X + 0.89), 4 weeks (Y = 0.601X-1.546) and during the 2 and 4 
weeks’ interval (Y = 0.380X-0.340). 

fourth-week periods. One gram of starch on complete oxidation should 
yield, theoretically, 0.555 grams of water while fat should yield water, at 
better than a 1:1 ratio. The ratio of 1:0.701 obtained at the 2-week period 
suggests utilization of both starch and fat by the fungi. At the beginning 
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of this study molds were observed to be developing in greatest abundance at 
the germ position on the kernels where the fats and oils are concentrated. 
The ratio of 1:0380 obtained during the interval between the second- and 
fourth-week periods would indicate the incomplete oxidation of organic 
matter if there was negligible loss of water through evaporation from the 
culture flask as suggested by the noninfested controls. The ratio of 1:0.601 
obtained at the 4-week period would represent the average result of all these 
processes. 


Growth op the fungi on czapek-dox medium 

The results of the experiments on corn reported above revealed consider¬ 
able variation among the fungi in the quantity of organic matter decom¬ 
posed and the fat acidity produced. To supplement these observations these 
same fungi were cultured on Czapek-Dox solution to determine whether or 
not their carbohydrate-utilizing and acid-produeing powers on this medium 
would be similar to that on corn. The results for all the fungi except Mucor 
racemosus and Aspergillus amstelodami, which failed to develop in Czapek- 
Dox medium, are presented in table II. 

In general, except for the differences in the nature of the two media and 
the different analytical methods used, the responses of the individual fungi 
were similar on the two media. Aspergillus niger, Penicillium chrysogenum 
I, and P. chrysogenum II produced a rapid lowering of the pH and a high 
titrable acidity on Czapek-Dox medium and on corn. Aspergillus niger 
gave essentially similar results on the two media except that comparatively 
low fat acidities were produced on corn. This latter result was probably 
because such benzene-insoluble acids as oxalic, citric, and gluconic (which 
are notable products of J.. niger metabolism) were excluded from the deter¬ 
mination. Penicillium palilans and P. rugulosum produced moderate 
titrable acidities on Czapek-Dox medium and on corn. The initial pH rise 
on Czapek-Dox medium was presumably due to the initially small acid-pro¬ 
duction and the liberation of the sodium ions from NaNO< by these fungi. 
Acidic substances were later produced, however, because the pH was lowered 
on prolonged growth of the fungus. These results were in general agree¬ 
ment with those on corn. Aspergillus flavus produced considerable quan¬ 
tities of kojic acid, which is a weak acid, on Czapek-Dox medium and on 
corn. The quantitative production of this acid (1) on Czapek-Dox medium 
may be deduced from table 11 by taking the difference between the “glucose” 
values determined by the copper and the iodometric methods (1). Asper¬ 
gillus candidus produced negligible amounts of titrable acidity in Czapek- 
Dox medium and as a result the pH of the medium was thrown over to the 
alkaline side. Moderate fat acidities, however, were produced on corn, pre¬ 
sumably because this fungus acted on the fat constituents of the germ. 

The glucose utilization rates in Czapek-Dox medium were initially most 
rapid with Penicillium chrysogenum I, P. chrysogenum II, Aspergillus niger, 
and A. flavus, the 4 fungi most active in decomposing corn organic matter. 
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While these initial rates on Czapek-Dox medium were continued with the 
two cultures of Penicillium chrysogenum to the near complete utilization 
of sugar, the rates with Aspergillus niger and A. flavus were reduced mark¬ 
edly at the point of approximately 50% sugar utilization. Presumably, Tin- 
favorable changes occurred within the liquid medium supporting these latter 
two fungi so that their further activity was hindered. Penicillium palitans, 
P. rugulosum, and Aspergillus candidus, on the other hand, utilized sugar 
at a constant, slower rate over the 4-week culture period. These slower 
sugar utilization rates conformed to the slower rates of corn organic matter 
decomposition by these same fungi. 

Discussion 

The loss in organic matter and the changes in the moisture content and 
fat acidity of molding corn under pure culture conditions compared favor¬ 
ably with similar changes noted in molded corn found in storage bins under 
natural conditions (10). The high moistures and fat acidities observed in 
the molded corn in the bins (10) may be attributed in large part to the 
metabolic activities of the organisms themselves. The higher water-soluble 
nitrogen content of the molded corn observed in the laboratory reflected the 
activities of these organisms, and this would suggest that the higher amino 
acid content found in sample grade corn (corn having over 15% of damaged 
kernels) as against No. 1 to No. 5 yellow corn as noted by Zeleny and Cole¬ 
man (14) may also be the product of fungus activity. 

The effect of mold growth on the corn oil was not determined in the 
present study. Winton, Burnet, and Bornmann (12), Rabak (9), and 
Willits and Ivokoskj (11) have reported the quantitative reduction of the 
oil content in corn. McII argue (8) noted that the oil extracted from moldy 
cornmeal possessed a musty odor, was dark brown in color, and titrated 56.8 
ml. alkali per kilogram of oil. Results similar to these were obtained for 
shelled corn by Rabak (9). A chemical analysis of the oil extracted from 
spoiled corn by that investigator revealed increases in specific gravity, re¬ 
fractive index, free acids, soluble acids, hydroxylated acids, and unsaponi- 
fiable constituents; decreases in volatile acids, insoluble acids and unsatu¬ 
rated acids were noted. Willits and Kokoski (11) observed higher saponi¬ 
fication values and lower iodine numbers of the oil in spoiled cornmeal. 

The relationship between the loss of organic matter and the formation 
of water in the molded corn indicated, as expected, that water was being 
liberated during mold development. This might suggest that molds would 
be able to create favorable moisture conditions for their own development 
even in initially fairly dry corn, providing that enough moisture was avail¬ 
able in the kernels to allow them to initiate fungal development. 

The changes in the fat acidity of molded corn reflected, in large measure, 
the acid-producing capabilities of the individual molds themselves. While 
the term “fat-acidity” implies that the origin of these fatty acid constitu¬ 
ents resides in the degradation of the fats (7), its determination remains 
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quite empirical as it includes all the benzene-soluble acidic substances re¬ 
gardless of their origin. No distinction is made as to the extent to -which 
these constituents arise directly from the fat of the corn itself and from 
the carbohydrates as by-products of mold metabolism. The recognized agents 
responsible for the formation of fatty acids from the fat have been (a) the 
enzymes normally present in the food product studied, (b) the direct par¬ 
ticipation of atmosphere oxygen, and (c) the fat-hydrolyzing lipases liber¬ 
ated by the microorganisms present. The present work suggests that per¬ 
haps part of the fat-solvent soluble acids produced in molding corn might 
include the acids produced by the microorganisms incident to their metabo¬ 
lism of corn carbohydrates. 

. Summary 

Pure cultures of 9 fungi isolated from naturally molded corn were 
grown in the laboratory for a 4-week period on steam-sterilized corn initially 
adjusted to approximately 32 percentage moisture content. Analyses were 
made at weekly and bi-weekly intervals for changes in the amounts of water, 
organic matter, fat acidity, pH, water-soluble, and -insoluble nitrogen. 
Seven of these fungi were also grown on Czapek-Dox liquid medium to com¬ 
pare their carbohydrate-utilizing and acid-producing powers on this medium 
with the changes they induced in corn. 

Penicillium chrysogenum I, P. chrysogcnum II, Aspergillus niger, and 
A. flavus were most active in decomposing corn organic matter, producing 
losses of 40% to 45% within a 4-week period. These same fungi on Czapek- 
Dox medium were initially the most rapid utilizers of glucose. 

A positive linear relationship was found between the percentage loss in 
organic matter and the percentage of water (wet basis) in the moldy corn. 
A 1% decrease in organic matter resulted in a 0.55% increase of w r ater (wet 
basis). The relationship between the quantity of organic matter lost and 
quantity of water formed proved linear over 2 and 4 weeks of fungus devel¬ 
opment. The ratios between these two variables were 1: 0.701 at the 2-week 
period and 1: 0.601 at the 4-week period. 

Fat acidities in the corn were increased by all the fungi tested in this 
series of experiments. The greatest fat acidities were produced by the 4 
fungi that decomposed organic matter the most rapidly, and by Mucor 
■racemosus and Aspergillus amstelodwmi which decomposed the organic mat¬ 
ter slowly. 

Linear relationships were noted at the early period of fungus develop¬ 
ment between the losses of organic matter and the changes in the amounts 
of water-soluble and -insoluble nitrogen. Nonlinearity between organic 
matter loss and water-soluble nitrogen was noted at the later period. 

General agreement between the pH and fat acidity of molded corn and 
the pH and titrable Acidity of Czapek-Dox medium was obtained with the 
different fungi. 

The writers wish to express their appreciation to Dr. I. E. Melhus, 
Head, Botany and Plant Pathology Section, for his interest in the present 
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determinations of fat acidities and nitrogen. 
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CHANGES IN THE CHLOROPHYLL AND CAROTENE CONTENTS 
OF CURING BURLEY TOBACCO CUT AT DIFFERENT 
STAGES OF MATURITY 1 

R . N. Jeffrey and R. B. Griffith 

(WITH ONE figure) 

Eeceived June 6, 1945 

Introduction 

Changes in the chemical composition of hurley tobacco which take place 
in curing are being investigated' at the Kentucky Agricultural Experiment 
Station in an attempt to understand the physiology of curing and its effect 
on leaf quality. Color is recognized as one of the most important factors 
in the determination of leaf quality, any retention of green pigment in 
the cured leaf greatly reducing its value. The chlorophylls are the green 
pigments in normal tobacco, and the investigations reported in this paper 
were made primarily to determine the rate and amount of change in these 
pigments during air curing on the stalk of tobacco cut at three stages of 
maturity. The development of a method for determining carotene from the 
same solution used in the chlorophyll determinations made possible the 
study of this constituent. 

This study of the catabolic changes of plant pigments is of general 
biochemical and physiological interest. Numerous articles have appeared 
reporting the rates of formation of these pigments under different condi¬ 
tions, but studies on pigment disappearance are rare. In 1918 Willstatter 
and Stoll (5) reported that the chlorophyll content of yellowed leaves was 
less than of green leaves. They did not, however, follow closely the loss 
of either chlorophyll or carotenoids. Gutiirie (2) investigated the pigment 
changes in potted plants when placed in the dark as compared with others 
remaining in the light. His results indicated that tomato plants lost about 
25% of their chlorophyll in four days, soybean plants about 70% in eight 
days, and yellow coleus practically none in eight days. 

Methods 

Harvesting and curing technique 

Kentucky No. 16 burley tobacco was cut at three different stages of 
maturity as determined by experienced growers: (1) immature by about 
10 days, (2) mature, and (3) overmature by 10 days. These lots of 
tobacco were topped to approximately 20 leaves, and to a height of about 
136 cm. (4.5 ft.) two, 14, and 24 days respectively before cutting. The 
entire plant was cut ju6t above the ground and the stalk “speared” onto 
a stick and hung to cure with the plant in an inverted position. Spearing 

1 Tjie investigation reported in this paper is in connection with a project of the Ken¬ 
tucky Agricultural Experiment Station and is published by permission of the Director. 
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caused a split in the stalk about a foot long. Although the majority of the 
plant cells remained alive for some time, the more mature basal leaves, 
which had already started to turn yellow before cutting, died first, beginning 
at the tips. The yellowing and subsequent death of the cells then progressed 
gradually to the more immature leaves. The axillary buds near the tip of 
the stalk were still alive at the end of the curing period. Thus the curing 
process for this type of tobacco is one of gradual starvation and desiccation, 
accompanied by extensive chemical changes which may be catalyzed by the 
enzymes of the living plant. 

The tobacco, after wilting in the field for 24 hours following cutting, 
was cured in the air-conditioned curing chambers described by O’Bannon 
(4) at 68'/ relative humidity and a temperature of 23.8° C. (74.9° F.). 
Jeffrey (3) found these conditions to be within the optimum range for the 
production of highest commercial quality cured leaf. 

Sampling and analysis 

To sample two different stages of leaf maturity on each plant analytical 
samples were taken from two different levels. One, called the “basal leaf 
sample,” was from each plant’s basal three leaves which were sound and 
therefore likely to remain on the plant during curing; the other, designated 
as the “top leaf sample,” was from the 5th, 6th, and 7th leaves from the 
point of topping. After curing, leaves from these positions on the stalk 
were graded chiefly as “trash” and “bright leaf,” respectively. Leaves 
to be used as samples were measured and tagged in the field a day before 
cutting. Duplicate samples were taken in the field at cutting time, five 
days before the overmature plants were cut, and in the curing chambers. 
The frequency of sampling in the chambers was dependent on the rate of 
change observed. A sample consisted of four leaves, each taken from a 
different plant. The midribs were removed. The right halves of two of the 
leaves and the left halves of the other two were used for pigment extraction, 
and the remaining halves were placed in an oven at 65° C. for 48 hours to 
determine the percentage dry weight. 

The leaf material was analyzed for chlorophylls a and b and for carotene 
using the method described by Griffith and Jeffrey (1). -By this method 
the pigments are extracted from the sample with acetone in a Waring 
blender and transferred to ether. Chlorophyll is determined in a dilution 
of the ether solution by means of spectrophotometric readings at the red 
absorption maxima of chlorophylls a and ?>. and carotene is determined 
spectrophotometrically after separation from the other pigments in the 
ether solution by the use of a chromatographic adsorption column. The 
estimation of xanthopliyll had not been included in the method at the time 
this study was conducted. 

Expression of data 

Since burley tobacco is cured on the stalk, the green or dry weight of 
the samples to be used for analysis could not be determined at cutting time. 
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Young and Jeffrey (6) have shown that tobaeco leaves cured under the 
same conditions used in this experiment lose 30% of their dry weight dur¬ 
ing the curing process; consequently, the oven dry weight does not con¬ 
stitute a satisfactory basis for reporting results. They found, however, 
that there was a high degree of correlation between the product of length 
and width of leaf and leaf area, and that the leaf area was a satisfactory 
basis for reporting changes that occur in curing tobacco. The leaf areas 
were calculated, using the equation : 2 


where y is the leaf area in square meters and x is the product of the length 
and width of the leaf expressed in centimeters. 


Results 

The chlorophyll and carotene contents of the top leaves at various times 
during the curing of plants cut when immature, mature and overmature 
are presented in table I. Similar results for basal leaves are presented in 
table II. The results expressed on an area basis are shown graphically 

TABLE I 

Chlorophyll and carotene content op top leaves at various stages op curing on 

THE STALK FOR TOBACCO PLANTS CUT AT THREE STAGES OP MATURITY. RESULTS 
CALCULATED ON THE BASIS OP OVEN DRY WEIGHT AND OP FRESH LEAP 

area. Leaves in curing chamber except as noted 


Age 

Days 

from 

FIRST 

CUTTING 

Oven 

dry 

WEIGHT 

Weight basis 

Chloro¬ 

phyll 

a 

Area basis 

Chloro¬ 

phyll 

Caro¬ 

tene 

Chloro¬ 

phyll 

Caro¬ 

tene 



% 

mg ./ gm . 

mg ./ gm . 

% 

mg ./ m.z 

mg ./ m . 2 


0.0* 

16.2* 

8.28 * 

0.464* 

72.0* 

277.0* 

15.4* 


2.0 

16.1 

7.18 


70.1 

227.0 

14.0 


5.1 

16.5 



66.0 

196.0 

12.3 

Immature 

8.5 

17.5 

5.16 

0.354 

69.0 

156.0 

10.7 


15.1 

24.6 

1.46 


68.5 

39.0 

7.0 


17.9 

35.9 

Efl 

0.174 

58.6 

6.0 

4.8 


21.0 

51.4 


0.183 

67.3 

13.0 

4.5 


39.0 

89.8 


0.139 

58.1 

5.0 

3.3 


10.0* 

17.5* 

Hi mm 

0.299* 

71.0* 

188.0* 

11.0* 


12.0 

16.7 

4.19 

0.298 

71.9 

126.0 

9.0 

Mature . 

15.1 

17.8 

2.45 


64.3 

78.0 

6.1 

18.5 

34.4 


0.119 

67.1 

6.4 

3.2 


28.3 

86.7 

0.022 

0.075 

62.2 

0.6 

2.0 


34.0 

86.1 



58.3 

0.5 

2.0 


lO.Ot 

17.51 

& 

0.29TH 

71.0t 

i- 188.01 

11.0 + 


14.81 

15.6t 

4.46 t 

0.2651 

72.6t 

160.0t 

9.51 


20.0* 

16.6* 

2.76 * 

0.200* 

72.6* 

92.0* 

6.7* 

Overmature ... 

21.9 

18.5 

1.88 

0.156 

71.6 

62.0 

5.2 


24.5 

30.2 

0.21 

0.089 

64.2 

6.3 

2.7 


27.9 

79.1 

0.027 

0.079 

61.4 

0.8 

2.3 


39.0 

89.3 

0.014 

0.064 

57.4 

0.4 

1.9 


*.Cut. 
t In field. 

* An error was present in the previously published form of this equation (6). 
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in figure 1. The left part of this figure shows the changes which take place 
in the chlorophyll content of the top leaves. In the first 17.9 days after 
cutting, the chlorophyll content of the immature tobacco decreased at an 
average rate of 15.1 mg./m. 2 per day. Chlorophyll was lost by the mature 
tobacco at the rate of 21.4 mg./m. 2 per day in the first 8.5 days of curing, 
and by the overmature tobacco at the rate of 16.9 mg./m. 2 per day in the 
first 5.1 days of curing. The rate of chlorophyll loss in the tobacco growing 
in the field was 8.9 mg./m. 2 per day in the first 10 days and 9.6 mg./m. 2 
per day in the second 10 days. The tobacco cut when immature and that 


< 

I 


3 

x: 

O 





Fig. 1. Chlorophyll changes in top leaves (A), in basal leaves (B), and carotene 
changes in top and basal leaves (C) of curing hurley tobacco cut when classified by ex¬ 
perienced growers as immature, mature (10 days later), and overmature (20 days later). 


cut when mature reached essentially the same chlorophyll content at the 
same time, even though the mature tobacco was cut 10 days later. Less 
time was required for chlorophyll destruction in the mature and overmature 
tobacco than in the immature tobacco, curing was more uniform, and the 
quality of leaf was better. The top leaves of the tobacco cut while immature 
still contained chlorophyll at the end of the curing period, incipient house- 
burn had occurred, and even the quality of the basal leaves was low. 

The changes in the percentage of chlorophyll a based on total chloro¬ 
phyll, are shown in the upper part of figure 1. The point representing the 
immature tobacco after 21 days is probably in error, since in the other fiy6 
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instances in this and in the next graph representing basal leaves, the per¬ 
centage chlorophyll a fell from about 70% to below 63% at about the same 
time that the total chlorophyll concentration ceased to fall. The oven dry 
weight in the leaf web was about 30% to 35% in all three cuttings of tobacco 
when the total chlorophyll content and the percentage chlorophyll a ap¬ 
proached minimum values. 

Changes in the chlorophyll content of the basal leaves are presented in 
the central part of figure 1. The initial chlorophyll content of these older 
leaves was much lower than that of the top leaves, and the time required 

TABLE II 

Chlorophyll and carotene content of basal leaves at various stages of curing on 

THE STALE FOR TOBACCO PLANTS CUT AT THREE STAGES OF MATURITY. RESULTS 
CALCULATED ON THE BASIS OF OVEN DRY WEIGHT AND OF FRESH LEAF 

area. Leaves in curing chamber except as noted 


Age 

Days 

from 

FIRST 

CUTTING 

Oven 

dry 

WEIGHT 

Weight basis 

Chloro¬ 

phyll 

a 

Area basis 

Chloro¬ 

phyll 

Caro¬ 

tene 

Chloro¬ 

phyll 

Caro¬ 

tene 



% 

nig./gm. 

mg./gm. 

% 

mg./m.'* 

mg./m. 2 


0.0* 

11.3* 

3.29* 

0.211* 

73.0* 

94.2* 

6.05* 


2.0 

13.5 

0.23 

0.069 

71.7 

5.9 

1.73 

Immature 

3.9 

31.0 

0.11 

0.051 

73.1 

3.3 

1.57 

6.4 

47.1 

0.06 

0.042 

65.4 

1.5 

1.20 


18.1 

86.9 

0.03 

0.043 

60.1 

0.8 

1.02 


39.0 

89.8 

0.03 

0.030 

59.0 

0.7 

0.73 


10.0" 

12.3* 

2.26* 

0.158* 

71.2* 

65.5* 

4.57* 


12.0 

13.7 

1.77 

0.087 

71.3 

43.6 

2.16 

Mature 

13.9 

21.2 

0.30 

0.085 

67.9 

7.4 

2.07 

16.4 

79.8 

0.06 

0.042 

62.8 

1.3 

0.91 


28.3 

87.4 

0.03 

0.043 

59.0 

0.8 

1.06 


34.0 

88.0 

0.03 

0.043 

59.9 

0.7 

0.96 


lO.Ot 

12.31 

2.26t 

0.1581 

71.21 

65.51 

4.571 


14.81 

n.8t 

1.711 

0.1211 

72.5t 

57.5t 

4.02t 


20.0* 

11.9* 

0.92* 

0.090* 

73.6* 

25.4* 

2.47* 

Overmature 

21.9 

20.7 

0.16 

0.063 

72.0 

4.0 

1.58 


24.5 

79.9 

0.04 

0.041 

62.9 

0.8 

1.00 


27.9 

86.0 

0.04 

0.043 

61.5 

1.0 

1.06 


39.0 

90.5 

0.02 

0.027 

60.5 

0.4 

0.67 


* Cut. 
t Id field. 

for its loss was less than in the top leaves. In the first two days after cutting, 
the rate of chlorophyll loss in the basal leaves of the plants cut while imma¬ 
ture was 44.3 mg./m. 2 per day. In the first 3.9 days of curing the rate of 
loss in the basal leaves of the mature tobacco was 14.9 mg./m. 2 per day. 
While the overmature tobacco was still in the field the rate of loss was 4.0 
mg./m. 2 per day and in the first 1.9 days after cutting the rate of loss was 
11.3 mg./m. 2 per day. Except for the immature tobacco the rate of loss 
per day in the basal leaves was less than the rate of loss in the top leaves, 
but because of lower initial chlorophyll values the length of time necessary 
for chlorophyll decomposition was less. The extremely rapid rate of 44.3 
mg./m. 2 per day of chlorophyll loss in the immature basal leaves was over 
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twice as great as any other rate of loss. Translocation of some substance or 
substances to the immature top leaves is the only explanation that can be 
offered for this rapid rate. The smaller rate of loss in the basal leaves of 
the plants cut when mature or overmature was probably due to the greater 
maturity and lower initial chlorophyll content of these plants. After five 
days of curing in plants of all stages of maturity there was very little change 
in chlorophyll content of the basal leaves. 

The changes in percentage of total chlorophyll of the basal leaves which 
is chlorophyll a are shown in the upper part of figure 1. The sharp drop 
in percentage chlorophyll a in these basal leaves corresponded much more 
definitely than in the top leaves to the time at which the total chlorophyll 
readied a low value. It may be seen that the dry matter at this time is 
about 30 '/< to 35% (table II), as it was also in the top leaf samples. How¬ 
ever, decrease in chlorophyll values does not cease altogether at this point. 
In these experiments the chlorophyll concentrations reached a low value some 
t ime before the leaves became dry. Other experiments in the curing chambers 
have indicated that this would not have been true if the relative humidity 
of the air surrounding the curing plants had been low instead of optimum. 

The results of the carotene determinations are presented in figure 1, C. 
The upper group of three curves represents the changes in the top leaves, 
while the lower group of three curves represents the changes in the basal 
leaves. Bach set of curves is similar to the corresponding set of chlorophyll 
curves; however, the carotene does not appear to be so rapidly nor so com¬ 
pletely destroyed as is the chlorophyll. Thus the yellowing of tobacco in 
the field and in curing is due in part to a more rapid and complete disappear¬ 
ance of chlorophyll than of carotene. At the time the break in the chloro¬ 
phyll concentration cprve occurs, the carotene content has been reduced to 
about one quarter its former value. A break occurs in the carotene concen¬ 
tration curves at this same time, corresponding to 30% to 35% dry matter, 
but these curves show a greater downward trend after this point has been 
reached than do the chlorophyll curves. 

Discussion 

The decrease in the calculated chlorophyll a percentage shown in the 
upper part of figure 1 may not appear to be very large, but there is reason 
to believe that the actual decrease is greater than is shown by these figures. 
All chlorophyll concentrations and percentage chlorophyll a values were 
calculated by means of equations based on the spectrophotometric absorption 
values at the red maxima of pure chlorophylls a and b. In green tobacco 
leaves no pheophytins were found, so satisfactory values were obtained by 
means of these equations. A chromatographic study of the pigments present 
in cured tobacco showed evidence of more pheophytin a than of chlorophyll 
a, though no pheophytin b was found. The absorption of, pheophytin a 
at the red maximum of chlorophyll a is about half the latter, which would 
result in a calculated chlorophyll concentration by the method used, larger 
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than the true concentration of chlorophyll a plus b, but smaller than the 
concentration of the chlorophyll plus pheophytin a. This was confirmed 
by the concentration values calculated from the absorption values at 600 
mjj, where the absorption of pheophytin a was more nearly equal to that 
of the chlorophylls. Close agreement was obtained between total chloro¬ 
phyll concentration calculated from the readings at 600 mg and at the a 
and 6 maxima on fresh leaf, but on the cured tobacco samples the concen¬ 
tration values determined at 600 mg were larger than those calculated by 
the equations based on the chlorophyll maxima. Similarly, the percentage 
of chlorophyll a calculated by means of the equation is larger than the per¬ 
centage of the chlorophyll which is really chlorophyll a; consequently the 
change in percentage chlorophyll a is really greater than that shown in 
the tables. 

The break in the carotene curves is just as definite as that in the chloro¬ 
phyll curves but the cause is more difficult to explain. At the time the break 
occurred the carotene values were about one-fourth as high as in the corre¬ 
sponding samples at cutting time. It does not seem probable that this con¬ 
centration was low enough to affect the rate of the reaction sharply. Nor 
does it seem probable that the moisture content was low enough to cause 
such a marked reduction in reaction rate. The oven dry weight at this 
time was 30% to 35% and moisture was 65$ to 70%. The moisture 
content threshold below which many other chemical reactions in cured 
tobacco leaf are inhibited, is approximately 80$, dry matter and 20% 
moisture. It is possible that the carotene had undergone some change, but 
it was still sufficiently similar to true beta carotene to behave normally in 
the magnesium oxide-celite adsorption column. No light absorption studies 
were made of the carotene fraction from cured tobacco. Another possible 
explanation of the results is that the rate of carotene destruction may be 
connected in some way with the chlorophyll concentration, since the break 
in the two curves seems to occur at the same time. This could be a case of 
catalysis or it could be related to the existence of a definite chromoprotein 
molecule containing both chlorophyll and carotene, such as has been sug¬ 
gested by many workers. 

Summary 

1. A study was made of the changes in chlorophyll and carotene content 
of the leaves of stalk-cut hurley tobacco during the air-curing process. 
Leaves from the uppii? and lower parts of plants, cut when immature, 
mature, and overmature, were analyzed. The initial chlorophyll content of 
the leaves decreased with increasing maturity, and was higher in the upper 
than in the corresponding basal leaves. 

2. The rate -of loss of chlorophyll in the top leaves was not greatly 
affected by maturity, and as a result, low chlorophyll concentrations were 
reached in a shorter time of curing in the overmature than in the immature 
plants. 
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3. The highest rates of chlorophyll loss were observed in the basal leaves 
of immature plants, indicating that translocation of some substances to the 
immature leaves may have occurred. 

4. As the total chlorophyll content of the leaves reached low values, the 
percentage of chlorophyll a based on total chlorophyll decreased. 

5. The shapes of the curves showing the carotene content of the leaves 
were very similar to the corresponding chlorophyll curves for leaves of each 
degree of maturity, though the carotene did not disappear so completely as 
the cldorophyll. 

6. A change in rate of loss of carotene and of chlorophyll and in the 
proportion of chlorophyll a all occurred at a fairly definite moisture content, 
though the time required to reach this point depended upon the maturity 
of the leaves. 

Kentucky Agricultural Experiment Station 
Lexington, Kentucky 
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Introduction 

The importance of temperature as an environmental factor in the growth 
of Cinchona, the tree from which quinine is obtained, may be realized from 
a study of its natural environment. The genus is native to a region extend¬ 
ing over 1,500 miles along the slopes of the Andes Mountains of South 
America. The various species occur at altitudes ranging from 2,500 to 9,000 
feet above sea level (4). Relatively cool temperatures, high rainfall and 
high humidity prevail in these areas. In Java, where Cinchona has reached 
the peak of cultivation, the most suitable elevation is from 3,000 to 7,000 
feet (1). Temperature conditions are relatively uniform from one mouth 
to the next. A mean temperature of 63° F. was the average over a period 
of 11 years at the Government Cinchona Station located at Tjinjiroean, Java, 
at 5,200 feet elevation (2). 


Materials and methods 

Three air-conditioned chambers 7 by 9 and 7 feet high, were constructed 
within a standard even-span greenhouse (fig. 1). The chambers were built 



Fig. 1. (Lett) Three air conditioned chambers in which Cinchona seedlings were 
grown. (Right) Interior of one chamber showing temperature-control equipment and 
seedlings. 


so that one-half their height was below the ground floor of the greenhouse. 
The tops and part of the sides of the chambers consisted of double glass with 
partitioned dead air spaces between. 
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The desired temperatures were uniformly maintained within each cham¬ 
ber by standard air-conditioning equipment. Fans on the diffusers operated 
continuously. When a temperature higher than the prevailing outside tem¬ 
peratures was desired in a chamber, small heating coils were turned on and 
the refrigeration system operated against this small flow of heat, thus main- 

TABLE I 

Appearance of Cinchona ledgeriana and C. puhcscens seedlings grown at 

THREE TEMPERATURE LEVELS 


En¬ 

viron¬ 

ment 

Temperature 


l 

i 


Summer* 

Win ter t 

C. ledgeriana 

C. pubescens 

Night 

Day 

Night 

Day 




° F. 

“F . 

°F. 

°F. 



Warm 

cham¬ 

ber 

70 

80 

, 

65 

80 

Many necrotic spots on 
older leaves during 
summer. 

No necrotic spots at end 
of experiment. 

Older leaves shed in 
summer. 

Thin leaves. 

Stems slender and weak. 

Poor root de\ elopment. 

Vigorous strong stems. 
Large leaves, tending 
to shade the weaker 
plants. 

Long internodes. 

Good root development. 

Medium 

cham¬ 

ber 

65 

75 

60 

75 

Occasional necrotic spots 
during summer, none 
in winter. 

Vigorous, strong growth. 
Good root development. 

Sturdy healthy plants. 
Good root development. 

Cold 

cham¬ 

ber 

Green¬ 
house t 

60 

70 

55 

| 

I 

70 

Stocky plants with thick 
stems and undulate 
leathery leaves. 

Leaves tinged with red. 

Excellent root develop¬ 
ment. 

Many necrotic areas on 
older leaves in sum¬ 
mer. 

Plants shed all but 1 or 

2 pairs of leaves. 

Poor root development. 

Stocky plants. 

All leaves retained. 
Short internodes. 
Excellent root develop¬ 
ment. 


* Maintained from April through September. 
\ Maintained from October through March, 
t No control. 


taining a straight-line temperature level. During the first few months of 
the experiment it was necessary to use the coils for about three hours each 
morning in order to gradually raise air temperatures in the chambers to the 
desired summer-period levels. 

Temperatures were thermostatically regulated for night and day and for 
summer and winter (table I). Thermostat settings were made manually at 
8:00 a.m. and 4:00 p.m. daily. About 6 hours were usually required for the 
temperature in the chambers to reach the night levels, due to the simultane- 



44 


PLANT PHYSIOLOGY 


ous heavy drain on the compressor by all chambers. The day temperatures 
were reached in 2 to 4 hours depending upon the sky conditions. 

Several times during the experiment leaks developed and the system 
was out of operation for short periods, during which time all plants were 



Fig. 2. A typical chart of temperatures in the greenhouse outside the chambeis and 
sample temperature charts from warm, medium, and cold chambers. Data taken during 
summer period; in winter period night temperatures were 5° lower in chambers. 

subjected to outside air-temperature conditions. As a whole, however, the 
experimental temperatures were maintained fairly closely. Continuous 
thermographic records were kept in each chamber and representative charts 
from the chambers and the outside greenhouse are given (fig. 2). Relative 
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humidity was maintained as near 100% as possible by spraying the floors 
with water. 

Concrete benches within the chambers were filled with a soil composed 
of equal parts of loamy-clay soil, silica sand, peat moss, and leaf mold. 
Forty seedlings of Cinchona ledgeriana Moens and 40 of C. pubescens Vahl 
were planted in each chamber in March, 1945. Forty seedlings of C. ledgeri- 



Fig. 3. C. Udqtnana seedlings grown under different temperature conditions: (1) 
warm chamber (70° to 80° F.), (2) medium chamber (65° to 75° F.), (3) cold chamber 
(60° to 70° F.), and (4) greenhouse bench where air temperature was usually on a higher 
level than that of the warm chamber. Note well developed root system on typical plant 
from cold chamber (3) and sparse root system on plant from warm chamber (1). Stems 
and foliage of seedlings grown in the cold chamber were rigid; the tips and lower sides 
of the leaves had a reddish color. 


ana were also placed in the greenhouse outside the chambers for comparison 
with the plants of the same species grown under controlled conditions. These 
were once-transplanted seedlings of uniform 4-inch height grown in a shel¬ 
tered nursery at Maricao, Puerto Rico. Spacing in the greenhouse beds was 
6 by 6 inches. Plants that died during the first weeks of the experiment 
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were replaced immediately in order to provide as nearly as possible a uni¬ 
form stand. 

On several occasions thrips and aphids appeared on the plants. Both 
were easily controlled by applications of derris dust containing 1% to 2% 
rotenone. Eradication of aphids was more difficult in the cold chamber 
than in the warm or medium temperature chamber. 

Final observations and growth data were taken on February 25, 1946. 
The plants were removed from the beds and all excess soil washed from root 
systems. Total fresh and oven dry weights were recorded for each plant and 
separately for leaves, stems, and roots. Chemical analyses were made for 
total alkaloids and quinine in the stems and roots, by the method described 
by Loustalot and Pagan (3). 

Results 

The two species of Cinchona responded quite differently to the four 
environments (table I and figs. 3 and 4). 



Fig. 4. Representative seedlings of C. pub( net wa grown under diffeient temperature 
conditions. Left to right: warm chamber (70° to 80° F ), medium chamber (65° to 75° 
F.), and cold chamber (60° to 70° F.). 

C. LEDGERIANA 

In the warm chamber C. ledgenana produced weak, slender stems and 
poor root systems. During the summer period many necrotic spots devel¬ 
oped on the leaves. A more vigorous healthy growth was produced in the 
medium temRjH’ature chamber In the cold chamber a stocky growth devel¬ 
oped, characterized by thick stems, vigorous root systems, and undulate red 
tinged leaves. Growth was poorest in the greenhouse outside the chambers 
where temperatures averaged 5 to 10 degrees higher than in the warmest 
chamber. During the summer, large necrotic areas developed on the leaves 
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TABLE II 

Growth data of C. ledgeriana and C. pubescens grown at three 
TEMPERATURE LEVELS 


Environ¬ 

ment 

C. ledgeriana 

C. pubescens 

si 

tn o 

h i* 

* 

M 

» g 
« w 

Q * 

I 

M < 

Q S 
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W 

© 

w 

H 
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p 

00 

W B 

as 
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EH 

w 

n 2 
« w 

-+— 

g 

w 

o a 

* 

. W 

2 

3 

W 

a 

6 

% 

s 

Warm 

Medium 

Cold 

gm. 

26.23 
40.27 
34.39 j 

gm. 

5.48 

8.36 

7.13 

% 

20.89 

20.76 

20.73 

i cm. 

54.2 

70.6 

46.7 

% 

86.36 

90.00 

85.00 

gm. 

99.92 

79.09 

60.75 

gm. 

18.73 

13.26 

9.05 

% 

18.75 

16.76 
14.90 

cm. 

74.6 

67.5 

45.2 

% 

56.81 

82.50 

100.00 


* Average per plant. 

t Coneentration of. 

and subsequent defoliation left the plants almost leafless. Root development 
under these conditions was extremely poor (fig. 3). 

Cinchona ledgeriana seedlings grown in the medium temperature cham¬ 
ber made the best growth as indicated by the average height and average 
fresh and dry weights per plant (table II). Seedlings grown in the warm 
chamber were taller, on the average, than those in the cold chamber, but they 
had an average fresh and dry weight less than the cold chamber plants. 
Plants grown in the greenhouse outside the chambers were inferior in growth 
to all plants grown in the chambers. These differences were all statistically 
significant at the o r / f level and in some eases at the 1% level. There was no 
appreciable effect of temperature on the concentration of dry matter or on 
the percentage of plants surviving in the three chambers. 

There was a definite effect of temperature on the shoot-root ratio; seed¬ 
lings from the warm chamber had the highest ratio and those from the cold 
chamber the lowest (table III). The table also shows that the proportion 
of leaves by dry weight to the rest of the plant Avas not appreciably different 
in any of the treatments. Plants grown in the cold chamber, however, had 

TABLE III 

Effect of temperatvhe on proportional dry weight of leaves, stems, and 
roots of C. ledgeriana and C. pubescens seedlings grown 

AT THREE TEMPERATURE LEVELS 


Environ¬ 

ment 

C. ledgeriana 

% C. pubescens 

Leaves 

Stems 

Roots 

SHOOT-ROOT 

RATIO 

Bark on 
stems 

Leaves 

Stems 

Roots 

Shoot-root 

ratio 

Bark on 
stems 


% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

Warm 

43.61 

43.97 

12.42 

7.01 

e m 

33.74 

48.85 

17.41 

4.75 

20.84 

Medium 

41.38 

45.45 

13.17 

6.58 

USSJ 

41.18 

43.14 

15.68 

5.39 

20.66 

Cold 

42.91 


16.42 

5.10 

Sal 

42.88 

35.24 

21.88 

3.56 

23.06 































48 


PLANT PHYSIOLOGY 


a lower percentage of stem but higher percentage of bark than plants grown 
in either of the other chambers. 

Under the conditions of this experiment there was little or no effect of 
temperature on the percentage of total alkaloids and quinine in the stems 
and roots of young C. ledgeriana seedlings (table IV). Figure 3 shows a 

TABLE IV 

Total alkaloid and quinine content in boots and stems or C. ledgeriana and 
C. pub cscene seedlings gbown at three different temperatures 


Environ¬ 

ment 

C. ledgeriana 

C. pubescens 

Total alkaloids 


Total alkaloids 

Quinine sulphate 


Stems 

Roots 

Stems 


Stems 

Roots 

Stems 

Roots 


% 

% 

% 

% 

% 

% 

% 

% 

Warm . 

2.79 

5.20 

0.80 

1.80 

3.12 

5.24 

1.0 

1.45 

Medium ... 

2.69 

3.38 

0.50 

2.10 

2.97 

4.45 

0.7 

1.30 

Cold. 

2.92 

4.21 

0.93 

1.90 

2.60 

3.10 

0.9 

0.70 


representative C. ledgeriana plant from each chamber and also a seedling 
grown in the greenhouse bench where it was subjected to the natural fluctu¬ 
ations of greenhouse temperature. 

C. PUBESCENS 

The C. pubescens species of Cinchona is morphologically different from 
C. ledgeriana (table I and figs. 3 and 4). There was a direct correlation 
between growth and temperature (table II). The best and most vigorous 
growth as shown by height and weight measurements was produced in the 
warm chamber. The cold chamber produced short stocky plants with short 
internodes and excellent root systems. Plants from the medium temperature 
chamber were intermediate in size and vigor compared to those from the 
warm and cold chambers. 

Percentage of survival for C. pubescens was inversely correlated with 
temperature, and all differences were of a high order of significance. In 
the warmer chambers competition due to the large leaves and close spacing 
of the plants apparently resulted in death of the weaker plants, while in 
the cold chamber where growth was slower and competition less, 100% sur¬ 
vived. This is a contrast to the uniform survival in all chambers of the 
narrow-leaved C. ledgeriana where competition for light evidently was not 
a factor. 

Unlike C. ledgeriana the concentration of dry matter in C. pubescens 
seedlings was directly correlated with temperature. The plants in the warm 
chamber produced the highest percentage of dry matter and those in the 
cold chamber the lowest. There was no significant temperature effect on 
shoot-root ratio (table III). The proportion of leaves to total plant on a 
dry weight basis was lowest in the warm chamber and highest in the cold 
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chamber, whereas the reverse was true with percentage of stems. As with 
C. ledgeriana, the percentage of bark on the stems was somewhat higher on 
seedlings grown in the cold chamber than on those grown in the warmer 
chambers. 

The percentage of total alkaloids in stems and roots and quinine in the 
roots was directly correlated with temperature (table IV). The percentage 
quinine in the stems of plants grown in the medium temperature chamber 
was somewhat lower than that of plants grown in the warm and cold 
chambers. 

Discussion 

The results obtained in the experiment emphasize the importance of tem¬ 
perature as a factor influencing the growth and composition of Cinchona. 
A comparison of the responses of the two species to relatively small differ¬ 
ences in temperature (5° to 10° F.) suggests that C. pubescens is better 
adapted to warmer temperatures than is C. ledgeriana which grows best at 
cool temperatures and is more exacting in its requirements. Of the two spe¬ 
cies, the C. pubescens was much more vigorous irrespective of temperature 
conditions. This may be due to its inherent ability to produce vigorous root 
systems under varied conditions. Development of the root systems of C. 
ledgeriana was adversely affected by higher temperatures. 

Although plants of C. ledgeriana grown in the warm chamber made more 
linear growth than those from the cold chamber, the plants in the cold cham¬ 
ber had a greater average dry weight. The beneficial effect of the cold tem¬ 
perature in producing a higher percentage of bark for both species is offset 
by the smaller total dry weight produced under cool conditions. 

Summary 

1. Cinchona ledgeriana and C. pubescens were grown under three tem¬ 
perature controlled conditions ranging between 70° to 80° (warm), 65° to 
75° (medium), and 60° to 70° F. (cold). In order to simulate natural con¬ 
ditions in each chamber, the night temperature was lowered 5° from October 
through March. 

2. There was a marked difference in response of the two species to tem¬ 
perature. The C. pubescens seedlings grown in the warm environment had 
an average dry weight about twice that of plants grown in the cold treat¬ 
ment, while plants grown in the medium temperature environment were 
intermediate. There was a similar trend in height of plants. 

The C. ledgeriana seedlings grew best in the medium temperature and 
were more exacting in their temperature requirements than C. pubescens. 

3. There was no appreciable effect of temperature on percentage survival 
of C. ledgeriana seedlings whereas the percentage survival of C. pubescens 
was lower at the higher temperature level. 

4. The shoot-root ratio of the C. pubescens plants was not significantly 
affected by temperature. The C. ledgeriana seedlings, however, were affected 
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by temperature; the lower the temperature the greater the roots in propor¬ 
tion to the shoots. 

5. High total alkaloids and quinine in C. pubeseens roots and stems 
seemed to be associated with high temperature and vigorous growth. There 
was no consistent trend in the C. ledgeriana seedlings in regard to these 
constituents. 

Federal Experiment Station 

U. S. Department op Agriculture 
Mayaguez, Puerto Rico 
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A COMPARISON OF PHOTOSYNTHESIS IN INDIVIDUAL PINE 
NEEDLES AND ENTIRE SEEDLINGS AT VARIOUS 
LIGHT INTENSITIES 

Paul J. Kramer and Walter S. Clark 

(with three figures) 

Received July 5, 1946 

It was found by Kramer and Decker (5) that loblolly pine seedlings 
have a relatively lower rate of photosynthesis at low light intensities than 
do certain species of competing hardwoods. Seedlings of dogwood, eastern 
red oak, and white oak attained a maximum rate of photosynthesis at an 
intensity equal to about one-fourth of full sunlight (2500 foot candles) and 
maintained an approximately constant rate at all higher intensities. Lob¬ 
lolly pine seedlings attained only about two-thirds their observed maximum 
rate at one-fourth of full sunlight, and the rate continued to increase to the 
highest intensity used, which was 9300 ft*. 

Various reasons might exist for the difference in behavior. There might 
be a fundamental difference in the photosynthetic mechanism of the pines 
and hardwoods, or the stomates of pine might require more light to open 
fully than do the stomates of hardwoods. Either situation could at least 
partly account for the observed difference. Consideration of certain pub¬ 
lished works suggested that mutual shading among the pine needles might 
account for the observed difference. Heinicke and Childers (3) found that 
individual, fully exposed leaves of apple attained their maximum rate of 
photosynthesis at one-fourth to one-third of full sun, but photosynthesis of 
entire trees was limited by light intensity up to full sunlight. This, they 
stated, indicated that a large part of the leaf area of an apple tree is too 
heavily shaded to carry on maximum photosynthesis except during the 
middle of very bright days. Uhl (7) reported that in comparing the rates 
of photosynthesis of two-, three-, and five-needled species of pines the rate of 
photosynthesis per unit of photosynthetic tissue decreased as the number 
of needles per fascicle increased. Thus the rate of photosynthesis of two- 
needled pines was greater than that of five-needled pines, because the needles 
of the latter shade each other more. It was decided, therefore, to find 
whether the shading of some needles by other needles might be one cause 
of the relatively low rate of photosynthesis of loblolly pine seedlings exposed 
to light of low intensity. 

Methods 

The plants used were two-year-old loblolly pine (Pinus taeda L.) seed¬ 
lings grown in pots out-of-doors in full sun. Fully matured needles of the 
current year’s growth were used in all experiments to avoid variations in 
behavior caused by differences in age of needles. Mutual shading of the 
needles was prevented by arranging them in small leaf chambers (fig. 1). 

51 
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The chambers were constructed of cellulose acetate sheet in such a manner 
that the needles of four fascicles could be inserted through the holes at each 
end and held perpendicularly to a light source and far enough apart that 
they could not shade each other. Details of their construction are shown 
(fig. 2). Each leaf chamber held a four-cm. segment of each of 12 needles, 
having a total leaf surface of about 2 3 cm, and three leaf chambers were 
attached to each seedling The air temperature within each leaf chamber 



Fig. 1 View from above showing leaf chambers in place on loblolly pine seedling 


was maintained at 25° db 1 5° C. by pumping cold water through the water 
jacket on the lower side of the chamber. Thermocouples were inserted in 
the chambers to measure the air temperature. The potted seedlings with 
their attached leaf chambers were placed in the constant temperature cham¬ 
ber described by Decker (2) and kept at 26° ± 2° C. The light source was 
a battery of projector-type Mazda lamps which provided a maximum in¬ 
tensity of about 9300 fc below the top of the chamber. The leaf chambers 
were oriented with respect to the light source so they were always in the 
same position and at the same distance from it. The seven light intensities 
used were obtained by means of various combinations of shades made from 
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screen wire and cheesecloth. Each seedling was exposed to all seven intensi¬ 
ties in one day, the sequence being randomized for each seedling to eliminate 
any systematic effect of sequence of intensities on the results. The period 
of exposure to a given light intensity was one hour, and a fifteen-minute 
adjustment period was allowed following each change in intensity. Four¬ 
teen plants were used, giving fourteen independent observations at each 
light intensity. 

Apparent photosynthesis was measured by determining the difference in 
carbon dioxide content of an air stream before and after it had passed 
through the leaf chamber. The air streams from the three leaf chambers on 
a single plant were combined and passed through a spiral absorption tower 



Fig. 2. Drawing of leaf chamber with cover removed. It is constructed of cellulose 
acetate sheet about 0.7 mm. thick, the pieces being cemented together with Duco cement. 
Cold water is circulated through the lower part of the chamber by means of the tubes 
projecting through the sides. Air enters through the same holes in the ends of the upper 
section which hold the needles, and it passes out through the tube in the center. Pieces 
of rubber band (not shown) were cemented to the upper edges of the leaf chamber to 
serve as a gasket for the cover which is a rectangular piece of cellulose acetate held in 
place by rubber bands slipped over the strips projecting at each end. 

designed by the junior author as a modification of one described by Leach, 
Morn and Batho ( 8 ) . The tower contained 50 ml. of 0.01 N NaOH, and the 
change in concentration of the alkali caused by absorption of carbon dioxide 
was measured by means of the change in its electrical resistance. With the 
concentration of alkali, time interval and rate of air flow used in these 
experiments about 0.1 mg. of carbon dioxide could be measured. This repre¬ 
sented about 2% of the total carbon dioxide absorbed by a tower. The rate 
of air flow was adjusted so that not over 15% of the carbon dioxide was 
removed by the .pine needles, because it has been found that the rate of 
photosynthesis decreases rapidly wheu more than this is removed ( 2 ). 

The volume of air passed over the pine needles was measured by means 
of calibrated flowmeters placed between the leaf chambers and the absorp¬ 
tion towers. A simple automatic pressure regulating valve was devised to 
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maintain constant pressure on the vacuum line (1). Three absorption 
towers were operated simultaneously, two being used to measure the carbon 
dioxide content of air streams from two plants and the third to measure the 
carbon dioxide content of the air before it passed over the needles. 

Results 

The results of the experiments are summarized in table I and fig. 3. The 
rate per unit of leaf surface was calculated on the assumption that all sam¬ 
ples of leaves had the same area, 2.3 sq. cm. If any error resulted from this 
assumption, it did not enter into the comparisons between light intensities 
because all such comparisons for each plant were made on the same leaf 
tissue. It is possible to compare the curve for apparent photosynthesis of 
individual pine needles with those for entire pine seedlings and entire hard- 


TABLE I 

Kates or apparent photosynthesis of loblolly pine needles at various light inten 
sities. Each value is the average of 14 independent observations on 14 plants 


Light intensity 

C0 2 absorbed per 6.9 cm.* 

PER HR. 

Rate of observed 

MAXIMUM 

fc 

mg. 

% 

375 

0.277* 

26.7 

2250 

0.721 

69.6 

3550 

1.036 

100.0 

4350 

0.934 

90.2 

6000 

0.876 

84.6 

7550 

0.882 

85.1 

9200 

0.887 

85.6 


* The standard error of the difference between any two of these values is 0.103 and 
differences of twice this value are significant at the 5% level. 


wood seedlings (fig. 3). There is an obvious difference between the behavior 
of entire pine seedlings and that of individual pine needles. The rate of 
photosynthesis of entire pine seedlings increased with increasing light in¬ 
tensity up to the brightest light used, but the rate of photosynthesis of indi¬ 
vidual, fully exposed pine needles increased only up to about one-third of 
the highest intensity used and then remained unchanged with further in¬ 
crease in light intensity. In this respect their behavior is similar to that of 
hardwood seedlings which are represented by the curve for eastern red oak 
(fig. 3). The data for entire pine and oak seedlings are from the work of 
Kkamer and Decker (5). 

Statistical analysis of the data for pine needles showed the increase in 
rate of photosynthesis from 330 to 3350 fc to be highly significant, but no 
significant difference exists between the rates at 3350 and 9200 fc. The rate 
of photosynthesis of entire pine seedlings was significantly higher at 9300 fc 
than at 3300 fc. There seems to be, therefore, a real difference between the 
behavior of the entire pine seedlings and that of the individual needles. 

It seems possible that this difference in behavior can be attributed largely 
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to the greater amount of mutual shading which occurs among pine needles 
than among the leaves of most hardwood seedlings. No satisfactory method 
has been devised to measure mutual shading, but inspection of the leaf 
arrangement of dogwood and oak seedlings indicates that since the leaves 
form an umbrella-shaped mosaic they shade each other very little when 
illuminated from above. Pine needles, on the other hand, are arranged 
radially along several inches of stem and, therefore, shade each other. Pre- 



Fig. ‘■'i. Rates of photosynthesis of individual loblolly pine needles, entire loblolly 
pine seedlings, and eastern red oak seedlings at seven light intensities. The data for 
entire oak and pine seedlings are from Kramer and Decker (5). 

sumably, the light intensity at the surface of all the needles averages only 
about 3000 to 3500 fc in full sun and much less in shade. 

As the seedlings grow larger mutual shading probably becomes quite 
important, even in hardwoods, because an increasing proportion of the leaf 
surface is so located that it is shaded by branches and other leaves. 

In view of these results it is possible that completely illuminated pine 
needles require no higher light intensity for maximum photosynthesis than 
do hardwoods. The failure of pine seedlings to carry on photosynthesis in 
the shade as rapidly as hardwood seedlings is probably the result of greater 
mutual shading in pine than in hardwoods. This does not exclude the possi- 
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bility that other factors contribute to the difference. It may be that instead 
of a direct effect of light on photosynthesis there is an indirect effect through 
the influence of light intensity on stomatal opening. There might even be 
a fundamental difference in the photosynthetic mechanism. It is hoped that 
these possibilities can be investigated at some future time, but it is believed 
that they are unlikely to be of major importance. 

Summary 

The rates of apparent photosynthesis of individual, fully exposed, lob¬ 
lolly pine needles were measured at various light intensities and a constant 
temperature of 25° C. 

Fully exposed pine needles reached their maximum rate of photosynthe¬ 
sis at about one-third of full sunlight and showed no further increase in rate 
Hip to the highest light intensity to which they were exposed, 9200 fc. They 
behaved in essentially the same manner as the hardwood seedlings investi¬ 
gated by Kramer and Decker, but differed from entire pine seedlings which 
attained their maximum rate of photosynthesis at 9300 fc and reached only 
sixty per cent, of maximum at a light intensity equal to one-third of full sun. 

It is believed that the relatively low rate of photosynthesis of entire pine 
seedlings in the shade results principally from mutual shading of the needles 
by one another. Because of the arrangement of the needles, there is much 
more mutual shading in pine than in hardwood seedlings. 

The writers wish to acknowledge the receipt of financial aid from a grant 
made by the General Education Board to the Duke University School of 
Forestry to study reproduction of Piedmont forests. 

Department op Botany 
Duke University 

Durham, North Carolina 
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CHANGES IN FOOD RESERVES AND RESPIRATORY CAPACITY 
OF BINDWEED TISSUES ACCOMPANYING HERBI- 
CIDAL ACTION OF 2,^-DICHLORO- 
PHENOXYACETIC ACID 1 

Frederick G. Smith, Charles L. Hamner, 
and Bobert F . Carlson 
Beceived July 10, 1946 

Introduction 

Widespread interest in the use of the synthetic growth regulator, 2,4-di- 
chlorophenoxyaeetic acid, as an herbicide has emphasized the need for in¬ 
creased knowledge of the mechanism of action of this and similar substances. 
Furthermore, the special significance of bindweed (Convolvulus arvensis L.) 
as an economic problem and the extensive study of its control by other means 
(2, 3, 6,19) have made desirable the investigation of herbicidal action of the 
compound. Hamner and Tukey (8) and Martii and MiTciiEUi (11) first 
investigated the application of 2,4-dichlorophenoxyacetie acid to bindweed, 
and Tukey, Hamner, and Imhofe (18) studied in detail the histological 
changes preceding death. The most striking responses were the increased 
meristematic activity in the pericycle, phloem, and cambium regions, and 
the rapid disappearance of starch granules from the cortex of root and 
rhizome. An attempt was made in this investigation of the herbicidal action 
of 2,4-dichlorophenoxyacetic acid on bindweed to correlate changes in food 
reserves and respiratory capacity of underground structures with the gross 
symptoms, and the results of the investigation are reported. 

Materials and methods 

The plants and their treatments were similar to those used in the previous 
work at this Station (8,18) and the experiments were carried out in the same 
fields. Three trials were made, two of which were analyzed in detail, the 
first in July and the second in August, 1945. At least two strips (each 
6x1 ft.) of both treated and control plots including tops and underground 
parts to the depth of about 18 inches were har\ r ested in the early afternoon, 
wrapped in damp towels, and taken immediately to the laboratory. After 
washing, the leaves, stems, and underground parts were separated, cut into 
lengths of $ to 1 inch, killed in a forced draft oven at 110° C. for 30 minutes, 
and dried overnight at 70° C. The dried samples were ground to 100-mesh 
in a Wiley mill and redried at 70° C. immediately before analysis. Aliquots 
of the fresh samples were dried at 110° 0. for moisture determination, and 
aliquots of each ground sample also were redried at 110° C. for calculation 
on a dry weight basis. 

Carbohydrate analyses were carried out by small-scale modifications of 

i Journal Paper No. 683, New York State Agricultural Experiment Station, Geneva, 
N. Y., July 2,1846. 
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earlier methods (5, 9). The technique, which hafe not previously been de¬ 
scribed, was developed primarily for use with tissue slices but was also found 
suitable for the present material. Samples of 100 mg., containing 1 to 10 
mg. of soluble sugars and/or hydrolyzable polysaccharides, were extracted 
by refluxing for 20 minutes with 20 ml. of 80% ethanol in large test tubes 
(1x8 inch) with cold-finger condensers. The tubes were centrifuged, the 
supernatants decanted, and the residues reextracted in the same way. Two 
extractions were found to remove 98% to 99% of the soluble sugars. The 
combined extracts containing the sugars were concentrated on a steam bath 
to remove the ethanol and the final aqueous solutions of 4 or 5 ml. trans¬ 
ferred to calibrated test tubes. Excess saturated neutral lead acetate was 
added, the volume made up to 10 ml., and the lead salts centrifuged down. 
The supernatants were then decanted into other tubes containing excess solid 
K.,c 2 0 4 and the PbC 2 0 4 centrifuged down. Aliquots of 2 or 4 ml. of the 
supernatants in large test tubes were acidified to about pH 4 with 10% 
acetic acid using methyl red; 4 drops of 0.1/f invertase ("Wallerstein Scales) 
were added and the tubes incubated 3 to 4 hours at 38° C. The volumes were 
then made up to 5 ml. with water and the reducing capacities measured with 
Somooyi's new copper-phosphate reagent (17) by titration with 0.005 N 
thiosulphate. The “total sugars” were expressed as mg. of glucose. 

The estimation of the “starch-dextrins” fraction of the residues was 
carried out by a modification of the Hassid, McCready, and Rosenfels tech¬ 
nique (9) using the copper-phosphate reagent above. It should be noted 
that grinding beyond 100-mesh or solubilizing by the HCl-ethanol method 
was not necessary under these conditions. The residues in the original tubes, 
with 4 ml. of water added, were first heated 30 minutes in a boiling water 
bath, then 1 ml. of pH 5.6, 0.1 M acetate buffer containing 0.25 N XaCl, 1 ml. 
filtered saliva (diluted 1:1), and a crystal of thymol were added. The 
hydrolysis limit was reached after less than 6 hours at 38° C., but the 
hydrolyses were usually run overnight. The contents of the original tubes 
were then transferred to calibrated test tubes, clarified, and analyzed as for 
the soluble sugars. The differences in reducing capacities between samples 
treated with boiled and unboiled enzyme solutions were expressed as starch 
based on a Kahlbaum starch standard. These differences were considered 
a measure of the “starch-dextrins” fraction which appears to be the princi¬ 
pal polysaccharide reserve of bindweed roots (2, 7). This fraction plus 
“total sugars” constituted the “available carbohydrates.” 

Total nitrogen was run on a semi-micro scale by a technique based on that 
of Ma and Zuazaga (10) using a selenium catalyst. No nitrates were found 
by the diplienylamine test. 

Control and treated samples for respiration measurements from each of 
three plants were taken from rhizomes 4 to 6 inches below the soil line and 
from roots 8 to 12 inches lower. Freehand slices 0.3 to 0.5 mm. thick giving 
100 to 200 mg. fresh weight per sample were washed in aerated, running tap 
water for 2 to 3 hours. The rate of oxygen uptake was determined sepa- 
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rately for root and rhizome slices of each plant in standard Warburg appa¬ 
ratus in 0.02 M pH 5.7 phosphate buffer and an oxygen atmosphere. Under 
these experimental conditions the rates were linear for at least an hour, were 
independent of slice thickness and shaking rate, and were proportional to 
the amount of tissue added. The least significant difference at the 5% 
level between samples for several experiments similar to that in table I 
was found to be about 0.10 microliters per hour per mg. fresh weight. Sam¬ 
ples of the material from which the slices were cut were fixed and sections 
prepared as in the previous work (18). 


TABLE I 

Changes in respiratory capacity of rhizome and root slices following treatment 

WITH 2,4-DICHLOROPHENOXYACETIC ACID MEASURED in WARBURG RESPIROMETER 


Day 

Oxygen per hr./mg., fresh weight* 

Ratio of 
treated 
to control 

Control tissue 

Treated tissue 

Bhizome 

Boot 

Mean 

Bhizome 

Boot 

Mean 


n?. 

\ll. 

M.?. 


\ll 

Hi. 


3 

0.36 

0.32 

0.34 

0.58 

0.39 

0.49 

1.44 

6 

0.34 

0.27 

0.31 

0.59 

0.57 

0.55 

1.78 

10 

0.28 

0.31 

0.30 

0.61 

0.64 

0.63 

2.10 

14 



- 0,33 



0.55 

1.67 


* Average of three determinations. 


Results 

The gross response to treatment agreed closely with that observed in 1944 
(18) though the sequence of symptoms was somewhat slower. On the second 
day the leaves were severely folded and most stems were limp. By the fourth 
or fifth day some lower leaves were chlorotic and a few had necrotic areas. 
By the sixth or seventh day the rhizomes showed definite external signs of 
proliferation and both stem and leaves had necrotic areas. By the tenth day 
swelling of the rhizomes and roots was pronounced and 10% to 20% of the 
leaves and stems were dead. On the fourteenth day so much of the tops 
were dead that only root samples were taken for analysis. It should be 
noted that as far as possible no dead tissue was included in these samples. 
Histological sections of rhizomes and roots showed similar changes to those 
reported the previous year (18). 

Changes in carbohydrate and nitrogen fractions following treatment in 
the July samples only are given (table II) since the August samples yielded 
similar results. Expression on a fresh weight instead of dry weight basis 
gave the same general picture with somewhat increased ratios of root con¬ 
stituents. However, fr^sh weight determinations by the tenth and four¬ 
teenth days were of limited‘significance because of wilting in the tops and 
softening of the root cortex. As early as the second day there was evidence 
of carbohydrate mobilization in the leaves. Total sugars reached a peak by 
the fourth day and then returned to the control level while the starch- 




TABLE II 

Changes in composition op bindweed following tre\tment with 2,4-dichlorophenoxyacetic acid given as percentage op dry weight 
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dextrins fraction after a less significant rise dropped to one-third the control 
level and total nitrogen underwent a steady decrease. Changes in total 
sugars and starch-dextrins in the stem were similar to those in the leaves 
though neither the initial increase nor final decrease was so large. The nitro¬ 
gen content, however, increased significantly above the controls, as would be 
expected from the histological evidence of meristematic activity in the stem 
(18). There was, likewise, a rise in total sugars in the roots and rhizomes 
of treated plants reaching a maximum about the seventh day in this case and 
again followed by a decrease. The starch-dextrins fraction, on the other 
hand, steadily dropped after the second day reaching one-third the control 
level on the fourteenth day. As in the stems the total nitrogen began to 
increase by the fourth to seventh day paralleling the increasing meristematic 
activity. 

The changes in the carbohydrate and nitrogen fractions in bindweed 
treated with 2,4-dichlorophenoxyacetic acid were in many ways similar to 
those observed by Mitchell and others (1,13, 14, 15) in kidney bean seed¬ 
lings treated with indoleacetic acid, naphtbaleneacetic acid, and related com¬ 
pounds, and more recently by Mitchell and Brown (16) in annual morn¬ 
ing-glory treated with 2,4-dichlorophenoxyacetic acid. The initial rise in 
total sugars in treated leaves before any corresponding drop in the starch- 
dextrins fraction seemed to indicate a temporary increase of photosynthesis 
over utilization. The trend was reversed, however, after the first four days 
and was followed by a drop in both carbohydrate fractions and total nitro¬ 
gen as the leaves became chlorotic and wilted. If leaf metabolism was stimu¬ 
lated in any way at the outset, it was soon disrupted and became essentially 
catabolic. On the other hand, the metabolic stimulation of the rhizomes and 
roots seemed to be essentially anabolic: the histological evidence (18) of 
meristematic activity and increase in total nitrogen was sharply contrasted 
with the behavior of the leaves. While leaf reserves were quickly mobilized 
and translocated or consumed with a decrease in leaf nitrogen content, the 
mobilization in the rhizome and roots was marked by increased nitrogen con¬ 
tent, synthesis of protoplasm, and cell division. 

Further evidence of stimulated metabolism in treated rhizomes and roots 
was apparent in the typical set of respiratory measurements (table I). 
There was a significant increase in respiratory rates of treated tissues over 
control tissues as early as the third day in the rhizome and the sixth day in 
the lower root tissues. The increased ratio reached a maximum by the tenth 
day and declined by the fourteenth. Histological sections from the same 
samples, however, showed litttaif any cell division by the third day, indi¬ 
cating, as might be expected, that increased respiratory activity preceded 
increased cell division. The drop in rate of treated slices by the fourteenth 
day was probably due to the already evident disorganization and rupture of 
the cortical regions. 

It is also interesting to compare the results of treatment with 2,4-dichloro- 
phenoxyacetic acid with those of other bindweed control methods which have 
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often been interpreted* in terms of their effect 'on root reserves. Bakke, 
Gaessler, and Loomis (2) concluded that in both chlorate treatment and 
fallowing the death of the roots was correlated with reduction of these re¬ 
serves, though it did not occur so rapidly as in the case of 2,4-dichloro- 
phenoxyacetic acid treatment. These treatments also differed from the pres¬ 
ent in causing no increase either in total sugar or nitrogen fractions or, 
apparently, in cell division. The workers suggest, however, but without 
direct evidence, that the rapid reduction in polysaccharide reserves with no 
corresponding rise in soluble sugars following chlorate treatment was due 
to stimulated respiration rather than to interference with photosynthesis. 

Tukey, Hamner, and Imhofe (18) proposed on the basis of histological 
changes four possible mechanisms contributing to the herbicidal action of 
2,4-dichlorophenoxyacetic acid: (1) chlorophyll depletion in the leaves di¬ 
minishing food production, (2) phloem proliferation in the vascular bundles 
interfering with translocation of food, (3) increased respiratory activity 
depleting food reserves, and (4) disorganization and rupture of rhizome and 
root cortex leading to invasion of soil pathogens and decay. The present 
analytical evidence, though admittedly limited, may throw some light on 
the mechanisms. The first was supported indirectly by the evidence for 
decline in carbohydrate production after the fourth day as the leaves became 
chlorotic. Similarly, the observed increases in respiratory capacities of rhi¬ 
zome and root slices tended to support the third mechanism. It seemed 
clear, however, that the reduction in available carbohydrates whether by 
diminished production or increased utilization was not the principal cause 
of death. The reduction was considered neither soon enough nor large 
enough to account, in itself, for the rapid death of the tops and partial dis¬ 
integration of the roots by the tenth to fourteenth days. In the case of the 
second mechanism there was no specific evidence in the analyses for inter¬ 
ference with phloem function though the possibility is an intriguing one and 
is given further consideration later. The fourth mechanism may be of major 
importance in the ultimate death of underground structures, but it is defi¬ 
nitely secondary to the changes investigated and may even be a result of 
them. 

The altered respiratory capacity and increased meristematic activity may 
be significant clues to other specific physiological abnormalities in the treated 
plant rather than to simple depletion of food reserves. Several lines of evi¬ 
dence suggest that the phloem may be especially involved: (1) rapid mobili¬ 
zation of food reserves to treated regions, presumably through the phloem, 
is characteristic of many responses to growth regulators (13, 14) ; (2) 
phloem is particularly sensitive to histological reaction to the agents (4* 18); 
(3) phloem activity in solute translocation (at least in the sieve tubes) is 
reported to require respiratory energy (12) ; and (4), it was indicated, 
though not proved by the study, that the phloem undergoes marked changes 
in respiratory activity following treatment. One may speculate, therefore, 
that the treatment caused changes in the respiratory mechanism of phloem 



64 


PLANT PHYSIOLOGY 


cells which under certain conditions, perhaps low concentrations, accelerated 
food translocation and under others, perhaps when cell division resulted, 
impeded it. Whether or not the above hypothesis be true, the analytical 
results seem to indicate that the herbicidal effect of 2,4-dichlorophenoxy- 
acetic add on bindweed is probably not due primarily to depletion of food 
reserves-as was the case in earlier methods of control, but is largely the result 
of other physiological disturbances. 

Summary 

The mechanism of the herbicidal action of 2,4-dichlorophenoxyacetic acid 
on bindweed was further investigated by determining the changes in carbo¬ 
hydrate and nitrogen fractions and respiratory capacities of treated and 
control tissues. Small-scale methods for total sugars and the starch-dextrins 
fraction were described incidentally. 

During the first few days the treatment caused rapid increases in total 
sugars in leaves, stems, and underground parts, and the increases were fol¬ 
lowed by decreases to control levels. The starch-dextrins fraction decreased 
in all three, reaching one-third the control levels in leaves, roots and rhizomes 
by the tenth day. Total nitrogen, on the other hand, decreased steadily in 
the leaves but increased in both stems and underground structures. The 
changes in nitrogen content of treated tissue appeared to be correlated with 
increased meristematic activity. Further evidence of stimulated metabo¬ 
lism was found in the increased respiratory activities of treated rhizome and 
root slices. 

Comparison of these results with the effect of other growth regulators 
on bean seedlings showed striking similarities in the general mobilization of 
carbohydrates and nitrogen. Comparison with the effect of chlorate treat¬ 
ment on bindweed root reserves also showed certain similarities but did not 
indicate that reserve depletion as such was the chief mechanism of herbicidal 
action in the hormone treatment. 

The bearing of the analytical results on the mechanisms of herbicidal 
action proposed by Tukey, Hamneb, and Imhofe (18) was discussed, and 
it was suggested that a specific mechanism of herbicidal action of 2,4-di¬ 
chlorophenoxyacetic acid might be found in the interference with phloem 
function. 

The Biochemistry Laboratories 

Division or Food Science and Technolooy 
and Division or Pomology 

New Yore State Agricultural Experiment Station 
Geneva, New York i 
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In a previous paper (5) it was suggested that growth of and infection 
by the cotton root-rot organism, Phymatotrichum omnivorum, were both 
dependent on the oxygen supply available to the organism, since infection 
did not occur unless the organism was growing near the surface of the 
medium. The work of Moore (7) has shown that for agar cultures the 
optimum oxygen concentration over the culture is that of the atmosphere, 
or about 21%. When the cultures are submerged, growth is apparently 
directly correlated with oxygen concentration in the medium. Under ordi¬ 
nary conditions the oxygen concentration in the lower part of a liquid cul¬ 
ture approaches zero. 

It was noted in previous experiments (5) that floating inoeula of P. om¬ 
nivorum grew much more rapidly than did those which were submerged. 
Infection of cotton seedlings was correlated with these conditions in such a 
way that when the culture was submerged, there was a delay in infection 
until the fungus had grown to the surface. Infection by surface cultures 
was much more rapid than by submerged cultures. Such a correlation led 
to the hypothesis that the oxygen concentration available to the fungus 
under these conditions was the limiting factor in infection. Work reported 
in this contribution was designed to prove this hypothesis. 

Methods 

The culture media, methods of inoculation, and seed treatment employed 
have been reported in a previous paper (5). The obvious approach to the 
problem would be to control the aeration of the culture medium so as to 
maintain uniform oxygen concentration throughout. It was found that 
simple aeration devices could not be employed with P. omnivorum cultures, 
since even the smallest bubbles from a sintered glass aerator cause sufficient 
disturbance of the culture to impair normal growth. The root-rot organism 
is very sensitive to mechanical disturbance when grown in liquid media, so 
that the growth rate is lessened considerably by shaking or even handling. 
It was necessary, therefore, to resort to other devices to accomplish aeration. 

The aeration device used is shown in Tube T, figure 1. Half-inch cello¬ 
phane dialysis tubing was cut into nine-inch lengths. A glass U-tube with 
an inlet (A), and an outlet (B) aperture was bent as shown. The gas 

1 This investigation is a contribution by the Clayton Foundation, Cotton Investigation 
and Besearch, The University of Texas, Austin, Texas. 
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entered the cellophane bag through opening (P) and returned to the glass 
tube through opening (D). The outlet (B) opening was reduced in diam¬ 
eter so that a slight pressure would result, thereby maintaining the cello¬ 
phane bag (C) distended. The dialysis tubing was pushed around the glass 
tube and sealed by means of household cement (cellulose nitrate). The 
tubing was long enough so the seals would always be above the level of the 



Fio. 1. Apparatus for the double culture of Phymatotrichum omnivorum and tbe 
cotton plant. 

culture solution. An imperfect seal would thus not disturb the culture by 
allowing bubbles to pass up through it. The opening of the inlet tube was 
plugged with cotton so the air would be sterilized by filtering before it 
passed through the bag. The inlet tubes were attached to a source of com¬ 
pressed air, and a pressure of three cm. of mercury was maintained during 
an experiment. The test tube, with aeration device and medium, was steri¬ 
lized in the autoclave for 20 minutes at a pressure of 15 pounds. During 
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sterilization and until the air pressure was applied, the tubes with the cello¬ 
phane bags were kept above the surface of the medium to prevent the 
medium from passing inside the bags. When the air was attached, the 
pressure inside was sufficient to prevent the inward flow of the liquid 
medium. 

The efficiency of the aeration apparatus was tested in order to determine 
the rate of oxygen absorption by the culture solution. Oxygen dissolved 
in the culture solution was measured by the Winkler method. The pro¬ 
cedure was modified according to Van Dam (12). A 5-cc. hypodermic 
syringe was used as a collecting tube. A 3-inch spinal puncture needle 
was attached to it by means of sealing wax. The whole collecting device 
was simple enough for sterilization.' In collecting a sample, the syringe 
with the attached needle was filled with the MnS0 4 solution, the plunger 
was forced completely down so that only the bore of the needle and the 
space between the wall of the syringe and the plunger were filled with 
MnS0 4 . This amount was sufficient for an analysis. The tip of the needle 
could be easily sterilized, if necessary, so that it could be inserted into a 
sterile culture without danger of contamination. A sample for analysis 
was obtained by pushing the plug of the test tube to one side, inserting the 
syringe and needle so that the tip of the needle reached the bottom of the 
tube, and withdrawing a 5-cc. sample into the syringe, mixing thoroughly 
with the MnS0 4 during the process. The other reagents were added by 
drawing them into the syringe and shaking thoroughly. At no time was the 
sample in direct contact with air. Titration was carried out using N10 
sodium thiosulphate in a 0.2-cc. automatic micro burette. 

It was necessary to test several materials as seals (E) against the permea¬ 
tion of oxygen before selecting the conditions for the experiments. Paraffin 
proved too brittle to allow the penetration of the needle for drawing off 
the oxygen test sample. Paraffin oil was unsatisfactory due to the solubility 
of oxygen in paraffin oil. Paraffin-paraffin oil mixtures or paraffin-petro¬ 
latum mixtures, however, proved efficient as seals against oxygen. The data 
from one of these experiments are presented (fig. 2 and table I). 

Twelve tubes of mineral solution were set up. The first two were covered 
with 10 cc. of a mixture containing equal amounts of paraffin, petrolatum, 
and paraffin oil. The second two tubes were covered with 10 cc. of a mix¬ 
ture containing equal amounts of petrolatum and paraffin oil. The third 
two tubes were covered with one-half petrolatum and one-half paraffin. 
Tubes 7 and 8 were similar to 1 and 2 except that they were aerated; tubes 
9 and 10 duplicated 3 and 4 but were aerated; tubes 11 and 12 duplicated 5 
and 6 but were aerated* After first being sterilized for 20 minutes in an 
autoclave, all tubes we*£ placed in a water bath at 30° C. Headings were 
begun as soon as the temperature of the tubes had reached equilibrium with 
the bath. The results are shown in table I and figure 2. 

Any combination of materials used proved to be an adequate seal, as 
shown by tubes 1,2,3,4,5, and 6. The cellophane tubing permitted oxygen 
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TABLE I 

Effect of seal on absorption of oxygen from air 


Average oxygen in solution 


Hours 

Paraffin-petrola- 

TUM-PARAFFIN 

OIL SEAL 

Petrolatum-paraf¬ 
fin OIL SEAL 

Petrolatum-paraf¬ 
fin seal 


(Tubes 

(Tubes 

(Tubes 

(Tubes 

(Tubes 

(Tubes 


1 a 2) 

7 a 8) 

3 & 4) 

9 a 10) 

5*6) 

11 A 12) 


UNAEKATED 

AERATED 

unaerated 

Aerated 

UNAERATED 

AERATED 


% 

% 

% 

% 

% 

% 

0 

0.290 




0.295 

0.304 

3 1 

0.310 

[uk * 


HUB 

0.287 

0.340 

6 i 

0.318 

'\\m H 


■m 

0.295 

0.376 

11 i 

0.321 

0.414 

0.300 

0.441 i 

0.296 

0.423 

22 | 

0.335 

0.433 

0.308 

0.461 

1 

0.315 

0.455 


to pass through in a short time, as shown in tubes 7, 8, 9, 10, 11, and 12. 
All the oxygen in these solutions passed through the cellophane, since the 
ture of petrolatum and paraffin was easier to manipulate in making the seal 
and in withdrawing the sample, and since it proved to be as efficient a seal 
as any, it was used as the seal in all other experiments. Since glucose must 
solutions were covered with the same seals as the preceding tubes. A mix- 
be present, in the culture medium in relatively high concentration for opti¬ 
mum growth of Phymatotrichum, several experiments were conducted to test 
the oxygen uptake of high glucose media. 

The results of all experiments using mineral solution and mineral solu¬ 
tion plus glucose have been summarized (table II and fig. 3). It will be 
noted that the solutions were saturated with oxygen between 12 and 18 
hours of aeration. The seal, however, apparently allowed a small amount 
of oxygen to permeate the solution, but a consistently low level was main- 



TIME HOURS 

Fig. 2. Effect of seal on absorption of oxygen from air. 
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TABLE II 

Oxygen uptake in aerated and unaerated mineral and mineral 

PLUS GLUCOSE SOLUTIONS 


Hours 

Oxygen in solution 

Mineral solution 

Glucose solution 

Unaerated 

Aerated 

Unaerated 

Aerated 


% 

% 1 

% 

% 

0 

0.238 

0.244 

0.164 

0.135 

2 

0.264 

0.321 

0.170 

0.212 

4 

0.260 

0.387 

0.175 

0.220 

8 

0.265 

0.445 

0.185 

0.360 

12 

0.282 

0.471 

0.195 

0.370 

24 

0.317 

0.500 

0.190 

0.401 


thined in the unaerated media. The mineral solution and the sugar solution 
values for one set of conditions parallel each other closely. The sugar solu¬ 
tion, however, is consistently lower in oxygen concentration than the mineral 
solution. By averaging all the values at any one time for both mineral 
solution and sugar solution and comparing one with the other, an average 
difference of 0.10% was obtained. If all the values for the sugar solution 
(table II) are raised by this amount, the sugar solution curve is very similar 
in shape and position to the mineral solution curve (fig. 3). This difference 
is apparently due to the difference between the solubility of oxygen in the 
mineral salt solution and its solubility in the medium containing 4% glucose. 
This difference in solubilities is confirmed by published reports (9). The 



FIG. 3. Oxygen uptake in aerated and unaerated mineral and mineral plus glucose 
solutions. 
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values for the amount of dissolved oxygen in the mineral solution and in 
distilled water when saturation is reaching at 30° C. are comparable with 
those given in chemical handbooks for amount of oxygen from air dissolved 
in water. 


Experimental results 

Large test tubes were inoculated with P. omnivorum by transferring 
10 -cc. aliquots of an actively growing week-old liquid culture into 40 cc. 
of fresh medium for the test incubation. Group 1 consisted of eight tubes 
sealed with paraffin-petrolatum and aerated by means of the cellophane 
bags; group 2 consisted of eight tubes unsealed; and group 3 consisted of 
eight tubes sealed but not aerated. The tubes were incubated in a water 
bath at 30° C. for 17 days. At the end of the incubation period the experi¬ 
ment was dismantled and the mass of mycelia from each tube carefully 
rinsed in distilled water, blotted, and placed in watch glasses. Each lot was 
dried to constant weight (18 hours at 60° C.) and then weighed (table III). 


TABLE III 

Weight of dried culture of P. omntvorum grown under different 
OXYGEN CONCENTRATIONS 


dROUP 

Number 

Mean weight 

Stand \rd 

DEVIATION 

Inoculum control 

8 

mg. 

10.7 

3.2 

1 

8 

151.6 

2.3 

*» 

7 

97.9 

1.9 

3 

5 

11.4 ! 

1.0 


The weight of the inoculum was determined by washing, drying, and weigh¬ 
ing eight inocula by the same methods as were employed in handling the 
test cultures. 

Similar results were obtained on several repetitions of this experiment. 
It is apparent that a supply of oxygen is necessary for growth of the fungus. 
Growth in the sealed tubes was slight, amounting only to 0.7 mg. when the 
weight of the original inoculum was subtracted from the average of group 3. 
The slight growth in the sealed, unaerated tubes might have been due to a 
small amount of oxygen carried in on the inoculum and/or the slight 
seepage of oxygen through the seal. In the unsealed tubes, growth amounted 
to 87.2 mg. of dry mycelial weight. This is 125 times more than in the sealed 
tubes. Oxygen in this case was obtained only at the surface of the cultures 
by diffusion from the atmosphere. Since the inside diameter of the tubes 
was 3.6 cm., the surface was 10.17 sq. cm. Growth in the aerated tubes 
resulted in 141 mg. dry weight of mycelia. This is 1.6 times more than 
occurred in group 2. The surface of the cellophane bags which were em¬ 
ployed in group 1 was approximately 15.5 sq. cm. It appears from this that- 
growth of the fungus is correlated with the area of the membrane, or the 
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TABLE IV 

Mean weight or mycelium produced in vessels allowing dipfeeent 

AREAS OF EXPOSURE TO AIR 


Vessel 

Area 

Mean weight 

Standard 

deviation 

Flask 

Test tubes 

00 . 


sq . cm . 

mg . 


500 


78.5 

59.3 

6.6 

250 


51.5 

48.2 

5.3 

125 


34.2 

41.3 

6.6 


Large 

9.6 

27.3 

0.0 


Small 

3.8 

16.6 

1.1 


effective surface across which oxygen can diffuse. Diffusion of oxygen 
through liquid cultures is not rapid enough to supply the needs of a rapidly 
growing submerged culture. 

To test the relationship between the surface area exposed to air and the 
growth of the fungus, an experiment was set up wherein the vessels in which 
the fungus was grown allowed various surface areas of media to be exposed 
to atmospheric oxygen. Group 1 consisted of five 500-cc. Erlenmeyer flasks, 
group 2 of five 250-cc. flasks, group 3 of five 125-cc. flasks, group 4 of five 
large test tubes, and group 5 of five small test tubes. 40 cc. of medium were 
placed in each vessel. Each was inoculated with a uniform inoculum from 
an agar culture of P. omnivorum. At the end of a two-week incubation 
period the fungal mats which had formed on the surface of the liquid media 
were rinsed in distilled water, blotted, and dried as before. The mean weights 
of these mats with the area of the vessels in which they were grown are given 
(table IV and fig. 4). 

Since it has been demonstrated that growth of the root-rot organism is 
dependent on the amount of oxygen available to it, the effect of oxygen 
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Fta< 4. Mean weight of mycelium produced in vessels allowing different areas of 
exposure to air. 
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concentration on the infection by this organism as measured by wilting of 
cotton seedlings was then studied. A slight modification in the apparatus 
was necessary since some liquid was removed from under the paraffin- 
petrolatum seal by the transpiring cotton plant. A second tube (S) was 
connected to the experimental tube by a siphon (J). As the liquid was 
removed from the first tube it could be replaced aseptically, and without 
breaking the seal, by merely raising the second tube to the necessary height. 
This culture unit is shown (fig. 1). The entire unit was set up complete, 
except for the seal, and sterilized in the autoclave. Precautions were taken 
to avoid breaking the siphon during the following manipulations. The 
experimental tubes were inoculated with uniform-sized inocula from a two- 
week-old agar culture of P. omnivorum. The inocula were purposely placed 
at the bottom of the tubes. A sterile paraffin-petrolatum seal was poured 
over the surface of the medium and around the tubing which passed through 
it. When the seal had solidified, a small opening was made at one side, and 


TABLE V 

DATS REQUIRED TOR WILTING OF COTTON SEEDLINGS UNDER DIFFERENT 
OXYGEN CONCENTRATIONS 


Group 

Number 

Mean number 

OF DAYS 

Standard 

DEVIATION 

Sealed and aerated 

8 

11.6 

2.2 

Unsealed 

8 

14.8 

2.9 

Sealed and unaerated 

8 

16.5 

2.3 


a sterile germinating cottonseed placed in it in such a way that the seed 
rested on the surface of the seal with the hypocotyl extending down into the 
medium. A small piece of sterile cotton was wrapped around the hypocotyl 
at the base of the seed to act as a wick in order that humidity conditions 
would be favorable for the opening of the cotyledons. 

Three groups of cultures were set up: group 1 consisted of eight experi¬ 
mental tubes as just described with the aerating device and siphon; group 
2 consisted of eight unsealed and unaerated tubes; and group 3 consisted 
of eight tubes in which there were no aerating devices, but in which the 
medium was covered with the seal. There were thus three different oxygen 
concentrations under which the cotton root-rot organism, and the cotton 
plant could be grown. The number of days for the various seedlings to wilt 
as a result of an attack by the fungus was noted (table V). 

Isolations of the organism from the infected roots were performed in 
several cases, but this procedure was unnecessary since in all cases the 
fungus could be observed in the roots with no difficulty, and wilting was 
manifest within two or three days after the onset of attack. Since the plants 
were growing in liquid media and the aerial portions of the plant were 
growing in an atmosphere of high humidity, wilting was somewhat slower 
than it would have been in the field or even in potted plants in the green¬ 
house. 
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Discussion 

The results obtained from the double culture of cotton plants and 
Phymatotrichum in liquid culture under controlled conditions have enabled 
the isolation of one factor of the environment for study. It has been 
demonstrated that cotton seedlings can be killed by the root-rot organism 
in liquid culture and that infection can be limited by control of oxygen con¬ 
centration in the medium. The susceptibility of cotton seedlings to the 
organism under the conditions of the reported experiments indicates little 
justification for the frequently expressed opinion that young cotton plants 
are resistant to root rot. Blank (2) has reported a differential suscepti¬ 
bility to root-rot infection between young and old seedlings and suggested 
the possibility that carbohydrate accumulation in seedling tissues enhanced 
the infectivity of the organism. Watkins (13,14) employing pure cultures, 
studied infection of cotton seedlings in media of high carbohydrate levels 
and demonstrated early kill not only of cotton seedlings but also of “im¬ 
mune” plants, e.g., corn. Eaton and Bigler (3), however, tested the carbo¬ 
hydrate hypothesis of root-rot infection and concluded that in soil cultures 
the carbohydrate concentration in root tissue does not affect infection. The 
Phymatotrichum cultures reported here were grown in media containing 
four per cent, glucose; therefore, according to Blank and Watkins, condi¬ 
tions for infection were favorable. Under these conditions, it was possible 
to limit infection rate solely by altering available oxygon; consequently, 
it may be concluded that oxygen is one of the major factors in growth and 
infection. 

The artificiality of laboratory conditions precludes a ready translation 
of these results to an interpretation of field observations. However, such an 
attempt should be made, recognizing the limitations of such an extrapola¬ 
tion. Under field conditions infection of cotton seedlings has been observed 
infrequently; Rogers (8) expressed the belief that field kill occurs only in 
well-advanced plants. Soil temperature and moisture content, during the 
seedling growing period have been suggested as limiting factors in infection 
as well as the reduced probability of contact between roots and organism 
at that time of the year. 

That oxygen can plajr an important role in the complexity of factors 
influencing infection in the laboratory suggests the possibility of a similar 
effect of oxygen in the field. The high moisture content of the soil in the 
spring may limit the oxygen supply to rapidly growing organises in the 
lower soil strata, since it has been demonstrated (5) that diffusion through 
a liquid medium is not sufficient to maintain a submerged culture at high 
infective rate of growth. 

Streets (10) reported that flooding experiments in the Yuma Valley 
demonstrated a reduction in the severity of the disease, but he was unable 
to effect an eradication. Taubenhaus et al. (11) experimenting with flood¬ 
ing methods in Texas were also unable to eradicate the disease in the field, 
but found that myeelia survive only a few days in flooded soils in the labora- 
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tory. These findings may be explained by the results of King (6), who 
found that the selerotia stage of the organism was able to survive long 
periods of submersion. 

Conditions of moisture and aeration in the field change considerably 
as the growing season progresses. With the drying out of the blackland 
(Houston and Wilson clay) soils of Texas, aeration is enhanced both by 
cultivation and the natural fissures that appear in the soil. Fissures serve 
as deep channels for the transport of gases and provide a means for ex¬ 
change of oxygen and carbon dioxide at the deeper soil levels (1). The 
evidence reported here does not support the observation of Gilbert (4) that 
the fungus seems to grow best, and hence the disease is most severe, when 
the soil aeration is poorest. 

Summary 

An apparatus for the double culture of cotton plants and Phymatotri¬ 
chum omnivorum in pure culture is described. Growth of the organism, 
and consequently infection, are directly correlated with the available oxygen 
supply. Application of these results to field observations concerning seed¬ 
ling infection and cultural practices is discussed. 

National Cotton Council of America 
The University of Texas 
Austin, Texas 
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LEVULINS AND INULIN IN GUAYULE, PARTHENIUM 
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Recently McRary and Traub (16) isolated a fructosan, or levulosan, 
tentatively identified as inulin, from guayule plants. Later Hassid at al. 
(11) definitely characterized this fructosan as inulin. Further work on the 
water soluble reserve carbohydrates of guayule has shown that in addition 
to inulin, levulins are also present, and in relatively greater amounts. The 
application of the principles developed in the present paper to physiological 
research problems by the authors and others (39, 40, 3, 5, 6, 7) has shown 
that the fractionation of the levulins into 89% ethanol soluble and insoluble 
portions may be used as a more dynamic tool in plant physiological research 
than the mere recording of total residues. The preliminary results con¬ 
cerning the free monosaccharides in guayule and the analytical methods for 
determining the water soluble carbohydrates in guayule are summarized 
elsewhere (41, 39). 

According to McRary and Slattery (15), continuous extraction, for six 
hours, of the finely ground guayule tissue when 80% ethanol by volume is 
placed in the boiling flask of the extraction apparatus (Landsiedl type), 
completely removes the “reducing sugars and sucrose” leaving the “fruc¬ 
tosan” in the insoluble residue. Under the conditions indicated, it should 
he pointed out that the condensate dripping into the extraction cups is 
approximately 89% ethanol by volume (9) and is approximately at the 
boiling point of the solvent. In order to show that the interpretation of 
McRary and Slattery (15) is untenable, previous work on the naturally 
occurring polysaccharides in some Compositae will be briefly reviewed, the 
water soluble carbohydrate reserves in guayule will be considered, and the 
fractious separated from guayule by McRary and Slattery (15) will be 
critically examined. 

Previous work 

In 1870, Popp (24) reported a “soluble modification of inulin” in the 
tubers of llelianthus tubcrosus which he named “inuloid.” Since that date 
apparently the nature of the inulides (inuloid) or levulins in plants and 
their relation to inulin, and also the characteristics of inulin as it occurs in 
nature, were little understood until the subject was elucidated in 1932-1933 
by Schlvbach and Knoop (30). 

Although Tanret (35, 36) in 1893 reported that he was able to separate 
from inulin associated matter (pseudo-iuulin, mol. wt. 2610; inulenin, mol. 

i Contribution from the Emergency Guayule Research Project, Bureau of Plant In¬ 
dustry, Soils and Agricultural Engineering, Agricultural Resoarch Administration, U. S. 
Department of Agriculture. The cooperation of the U. S. Forest Service is gratefully 
acknowledged. 
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wt. 1656; heliautlienin, mol. wt. 1924; and synanthrin, mol. wt. 1314) having 
a lower specific rotation than inulin, neither Dean (8) nor Pringsheim and 
Arnowsky (26) could confirm these results. oholm (23) also showed on 
the basis of diffusion coefficients that the Kahlbaum preparation of inulin 
he used in his experiments apparently did not contain Tanret’s reported 
synanthrin for the rates of diffusion were in harmony with Stefan’s tables 
(34). On the assumption that Tanret’s interpretation was valid, Oholm 
observed that the inulin sample apparently was not a pure one since it gave 
the same diffusion coefficient as Tanret’s (35, 36) postulated pseudo-inulin, 
mol. wt. 2612. 

Dean (8), in 1904, on the basis of work with Dahlia rariabilis, Ilelian- 
thus tuberosus, etc., concluded that “Inulin is accompanied in these places 
[underground organs] by levulins, resembling inulin in composition, but 
differing from it in possessing a greater degree of solubility and a lower 
specific rotation.” As a working hypothesis, Dean considered “the carbo¬ 
hydrates or carbohydrate mixture, which is readily precipitated in cold 
alcohol of 60% strength and has a specific rotation [a] D = -33° to -40°, 
inulin; and the undetermined mixture of lower rotatory power and greater 
solubility, the levulin mixture.” Willaman (43), in 1922, observed that 
on the basis of his experiments with 11. tuberosus, Dean’s theory with refer¬ 
ence to the identity of inulin which postulates “the existence of various 
aggregates of molecules, more or less loosely combined; the greater the ag¬ 
gregate, the greater is its specific rotation, and the lower is its solubility in 
water . . . explains fairly well the behavior of inulin on successive crystal¬ 
lizations, either from water or from alcohol.” 

On the basis of results reported by Sciimledeberg (31), Meyer (18), and 
Green (10), Pringsheim (31) regards the “inulide which frequently ac¬ 
companies inulin in nature ... as a metabolic conversion product of inulin.” 
He regards this fraction as “inulin-dextrins arising as a fermentative inter¬ 
mediate stage in plant metabolism,” their occurrence depending on seasonal 
and other circumstances (25, 27). He cites the observation of Popp (24) 
that “a fructoside of this nature is polymerized to insoluble inulin on ageimr, 
e.g., in Helianthus nodules.” Green (10) isolated an enzyme from sprout¬ 
ing girasole tubers, H. tuberosus, by extraction with glycerine, that split 
inulin into “a sugar and an intermediate body possessing properties which 
resemble those of inulin” but differs from inulin in such particulars as solu¬ 
bility in water and ethanol, and rate of dialysis. 

In marked contrast to the conclusions of all previous workers, Sciilu- 
bach and Knoop (3b) report that the mixture of levulosans in the tubers 
of H. tuberosus apparently consists of three components only: inulin, a 
dilevan, and another di-D-fructose anhydride. According to these authori¬ 
ties there is no building up of inulin by polymerization of the lower polymer 
compounds, but each of the three is in turn built up directly from the com¬ 
mon fundamental unit, fructose. 

Recently McDonald (17) summarized the knowledge of well-defined 
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polyfructosans and difructose anhydrides. Consideration of similar or 
related compounds occurring in plants that are not as yet well defined is 
omitted but cannot be ignored by the physiologist. According to McDonald 
(letter dated March 6, 1946), the “so-called levulins and inulides which 
occur along with inulin contain glucose as well as fructose, and hence, un¬ 
less they are well-defined compounds, can only be referred to as polysac¬ 
charides.” The term, “levulins,” therefore, is used to refer in the usual 
sense tD the mixture of non-reducing polysaccharides, in Compositae, con¬ 
taining mostly fructose and lesser proportions of glucose, soluble in cold 
water and associated with inulin which is not appreciably soluble in cold 
water. 


Levulins and inulin in guayule 

Using the cold and hot water extraction procedure of Traub et al. (42), 
the nature of the water soluble reserve carbohydrates in guayule was first 
tentatively identified as including cold water soluble levulins in addition to 
inulin. The fractions will be considered before the sucrose hypothesis of 
McRary and Slattery (15). 

Inulin in guayule tissue 

Relatively pure inulin was isolated from finely ground guayule tissue ac¬ 
cording to the hot water extraction with subsequent freezing technique of 
Spoehr (33). After the precipitation of inulin by freezing, the mass was 
thawed and inulin recovered by filtering on a Buechner funnel. The 
product, after three purifications, with an ash content of 0.49 dfc .050%, on 
the basis of three determinations, had a specific rotation of [a] D 20 = -37.1° 
±. .17. This compares with [a) n 20 = - 39.9° reported for H. tuberosus inulin 
by Schlubach and Knoop (30), [a] n 17 = -36.55° for inulin, source not 
indicated, by Bergmann and Ivnehe (4) and f a] n = - 35° for guayule inulin, 
with an ash content of 1.2%, by Hassid ct al. (11). The somewhat lower 
specific rotation, reported by Hassid et al. (11), apparently is due to the 
presence of some of the 89% ethanol insoluble levulins that were extracted 
with hot water along with the inulin, and were precipitated with the con¬ 
centration of acetone used to bring down the inulin. The presence of these 
non-inulin substances in the inulin sample might also affect slightly the other 
properties reported for guayule inulin by the workers. Schlubach and 
Knoop (30) have discussed the difficulties encountered in the preparation 
of relatively pure inulin. 

Levulins in guayule tissue 

Levulins in the finely ground guayule tissue were separated quantita¬ 
tively from inulin by extraction with water at room temperature, 23° C., 
(89), for at 20° 0., water dissolves only 1 part of inulin in 10,000 (19). 
Analyses for total ketoses on the original filtrate from the Spoehr freezing 
method (33), and on the cold water extracts, after clarification in the usual 



80 


PLANT PHYSIOLOGY 


manner (39), and subsequent hydrolysis with 1% HC1, gave reducing values 
for ketoses of over 95% of the total non-reducing substances present. The 
cold water soluble polysaccharides in guayule tissue may consist mainly 
of difructose anhydrides or polyfructosans. If sucrose be present, it would 
constitute a minor fraction of the whole. Work reported elsewhere (39, 40) 
shows that the values for levulins in guayule tissue are greater than those 
for inulin. The reserve polysaccharides in guayule from the standpoint of 
solubility in cold and hot water therefore are similar to those found in the 
tubers of the girasole, H. tuberosus, also a Composite, as previously reported 
by Willaman (43) and Traub et ah (42). 

The final identification of the components of the levulins fraction in 
guayule tissue presents a major chemical research problem, and remains 
to be carried out. It was possible, however, to conduct preliminary experi¬ 
ments for the purpose of determining whether the components of the levulins 
fraction form an homologous series of polymers intermediate between inulin 
and the monosaccharides present in the tissues as postulated by Pringsheim 
et al. (25) and others; or, whether the conclusions of Schlubach and Knoop 
(30), based on H. tuberosus, apply to guayule tissue. The latter authors 
report the presence of only two difructose compounds, dilevan and another 
difructose anhydride in addition to inulin in the tubers of H. tuberosus. 
The subject may be explored in a preliminary way by determining diffusion 
coefficients and molecular weights of the levulins extracted with various con¬ 
centrations of ethanol. 

Oholm (22, 23) has pointed out that the approximate molecular weights 
of compounds, including non-electrolvtes, may be calculated from diffusion 
coefficients, and that the method is applicable in eases where the freezing 
point depression method does not apply, in the case of colloids for instance, 
where the presence of slight impurities of electrolytes would give erroneous 
results. Meyer (19) has emphasized the adequacy of such approximate 
values in cases where relative ones will suffice. 

The approximate molecular weights of the levulins fractions extracted 
with various concentrations of ethanol were determined by the diffusion 
method, using the apparatus and procedure described by Oholm (21). 
Guayule tissue, prepared as described by Travb (37), was first extracted 
continuously for six hours in a reflux (Landsiedl type) apparatus by placing 
100% ethanol in the boiling flask, in order to remove the free sugars. The 
extract was analyzed for free-reducing and non-reducing substances (table 
I). Since the tissue contained a slight amount of moisture, the condensate 
after extraction began was 97% ethanol by volume, and if present, any su¬ 
crose (approximately 0.59% soluble in 100% ethanol at room temperature), 
as well as levulins, was extracted. The residue was then extracted succes¬ 
sively with 92%, 89%, and 50% ethanol by volume. For this purpose the 
required concentrations of ethanol, from Evans’ table (9) were placed in 
the boiling flasks. The final residue, after extraction with the ethanol-water 
mixtures, was then successively extracted with cold and hot water (nos. 5 
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1 

and 6 in table I). All extractions were made in the presence of calcium 
carbonate to prevent hydrolysis of polysaccharides. In the case of extracts 
nos. 2, 3, and 4, the ethanol was evaporated, and the residue taken up in 
water (table I). Proteins, pectins, tannins, etc., were precipitated from 
all of the extracts with neutral lead acetate, and the solutions were deleaded 
and clarified. Aliquots of the clarified extracts, 10-ml., were then intro¬ 
duced into the diffusion apparatus for the determination of the actual 
amounts diffused at constant temperature, 22° C., in the four aqueous 
layers of uniform depth. The levulins in the original extracts (nos. 2, 3, 
4, and 5, table I), and in the aqueous layers from the diffusion apparatus 
at the end of the diffusion periods, were determined after hydrolysis as 

TABLE I 

Approximate diffusion coefficients (D^) and molecular weights for levulins 

FRACTIONS EXTRACTED FROM GUAYULE TISSUES CONTAINING 13.1% POLY¬ 
SACCHARIDES: 12.6% LEVULINS AND 0.5% INULIN 


Frac- 

Ethanol 

EXTRACT* 

Water extract 

Dry WEIGHT OF 
TISSUE 


Mol. 

weight* 

TION 

NUMBER 


Fraction 

no. 

RESIDUE 

Tempera¬ 

ture 

Fraction 

NO. RESI¬ 
DUE 

Levu¬ 
lins t 

Inu¬ 
lin t 



c /r 


C. 


% 

% 



1 

97 





0.0 

t 

t 

2 

92 

1 



■H 

0.0 

0.328 

521 

3 

89 j 

2 



0.7 

0.0 

0.334 

503 

4 

50 

3 



5.5 

0.0 ! 

0.249 

905 

5 



20 

4 1 

Trace 

0.0 I 



6 



100 

5 

0.0 

0.5 

5 

$ 


* The results are reproducible within 8% of the values indicated. The difference 
between nos. 2 and 3 is therefore not significant, but the difference of either no. 2 or no. 
3 as contrasted with no. 4 is significant. 

t Expressed as fructose. Similar values for a tissue containing 4.74% levulins, and 
3.89% inulin, are: (no. 1) 1.16; (no. 2) 1.20; (no. 3) 0.27; (no. 4) 3.89; (no. 5) trace; 
and (no. 6) 3.89. 

t The total 97% ethanol extract contained 3.2% carbohydrates, including 0.3% free 
sugars, which was subtracted. Due to the presence of free sugars it was not practic¬ 
able to determine the diffusion coefficient and molecular weight for non-reducing sub¬ 
stances in this fraction. 

$ Compare mol. wt. of 5000 for inulin reported by IIyworth et al . (12). 


total reducing substances expressed as fructose by the Somogyi method 
(32). The relative distribution of the levulins in the four aqueous layers 
was calculated from the actual amounts present, and the diffusion coefficients 
were obtained by reference to diffusion tables of Scheffer (29) and Ka- 
walki (14) as compiled by Arndt (2). Molecular weights were calculated 

_ 7 x 107 

from the following equation: \/M = —^—. Results from a typical experi- 


22 


ment are given (table I). 

Haworth, Hirst and Percival (12) determined the end groups of inulin 
as 1,3,4,6-tetramethyl-fruetopyranose, and concluded that the inulin mole- 
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cule consists of a chain having a minimum average length of 30 D-fructose 
units, and a molecular weight of about 5000. The levulins fractions obtained 
from guayule tissue by extraction with various concentrations of ethanol 
have lower molecular weights than that reported for inulin (table I). The 
results also indicate that the polysaccharide components may be approxi¬ 
mately separated into two major parts by extraction of guayule tissue with 
89% ethanol, under the conditions indicated, and that the 89% ethanol 
soluble levulins have lower molecular weights than those which are insol¬ 
uble in the same solvent. Apparently, these results do not corroborate the 
hypothesis of Pringsheim (25), and others, for an homologous series of 
inulides or levulins between inulin and the monosaccharides, nor do they 
indicate that difructose anhydrides are components of the guayule levulins 
fraction. Only further research can throw additional light on this subject. 

Hydrolysis of levulins 

After evaporating the ethanol, McRahy and Slattery (16) subjected the 
residues from 89% ethanol soluble extracts of guayule tissue to hydrolysis 
with bottom invertase, and after subtracting the values for free-reducing 
substances from those of the total 89% ethanol soluble carbohydrates, re¬ 
ported the difference as “invert sugar from sucrose.” In the experiment, 
however, it was found that hydrolysis of the 89% ethanol extract residue 
from guayule tissue with top invertase, or with 1% HC1, gave reducing 
values very much greater than were obtained with bottom invertase (table 
II). Hydrolysis with top invertase gave values ranging from 30% to 65% 
higher than those obtained with invertase of bottom fermentation. The 
corresponding values for 1% HC1 are slightly higher than those indicated 
for top invertase. It may be of interest to note that Adams, Rioiitmyer 
and Hudson (1) report that the pH conditions for the maximum hydrolysis 
of sucrose, raffinose and inulin differ, and conclude that a specific inulase 
rather than a j3-D-fructofuranosidase is responsible for inulin hydrolysis 

TABLE II 

Comparison or effectiveness of bottom and top invertases and 1% HC1 in 
hydrolyzing non-reducing substances from residue of 89% 

ETHANOL EXTRACT OF GUAYULE TISSUE 


Sample 

number 

Non-REDUCING substances* 

Increase, top 

OVER BOTTOM 

invertase 

HYDROLYSIS 

Bottom 

INVERTASE 

Top 

INVERTASE 

1% HCl 


% 

% 

% 

% 

1 

4.91 

7.84 

8.23 

59.7 

2 

4.29 

„ 7.09 

7.86 

65.3 

3 

'4.67 

7.59 

8.04 

62.5 

4 

2.03 

2.64 

2.79 

30.0 


* Results expressed on bass of total dry weight of tissue. 
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when yeast invertases are used. On the basis of the data presented, it is 
safe to conclude that the major part of the 89% ethanol soluble polysaccha¬ 
rides in guayule is not sucrose, for the use of bottom and top invertases, 
under the usual procedure for the hydrolysis of sucrose resulted in only 
partial hydrolysis of the total present in the tissues. 

It should be noted that when the solutions of the 89% ethanol soluble 
residues were hydrolyzed with 1% HC1, the values for ketoses by Roe’s 
method (28) as modified by McRary and Slattery (15) ranged from about 
94% to 96% of the total 89%.ethanol soluble non-reducing substances (table 
III). Similar values for fructose by Nyns’ method (20) as modified by 


TABLE III 

Proportion op ketoses to total non-reducing substances. (Besidue op 89% 

ETHANOL EXTRACT HYDROLYZED WITH 1% HC1) 


Sample 

number 

Non-reducing 

SUBSTANCES* 

Ketoses* t 

Proportion op 

KETOSES TO NON- 
REDUCING SUBSTANCES t 


% 

% 

% 

1 

8.23 

7.76 

94.3 

2 

7.86 

7.51 

95.5 

3 

8.04 

7.79 

96.9 

4 

2.78 

2.64 

95.0 


* Expressed on basis of total dry weight. 

t Total ketoses by Roe’s method (28) as modified by McRary and Slattery (15), 
less fructose of free sugars by Nyns’ method (20) as modified by Jackson and Mathews 
(13). Ketose values include any ketoses, other than fructose, if such constitute a por¬ 
tion of the total free sugars Traub, Slattery and Walter (41). 

} Expressed on basis of total non-reducing substances. 

Jackson and Mathews (13) agreed with those for total ketoses. Again 
sucrose as the major polysaccharide originally present in the tissues is ruled 
out. The relatively high ketose values point to levulins as the water soluble 
polysaccharides associated with inulin in guayule tissues. The 89% ethanol 
extract, however, apparently represents only part of the total levulins (table 
I). McRary and Slattery (15) are therefore not justified in assuming 
that extraction with 89% ethanol under the conditions stated is a valid 
criterion for the quantitative separation of “fructosan” from some other 
non-reducing substance in guayule tissues. 

Fractionation of levulins for physiological studies 

It has already been noted in the discussion of the results reported in 
table I that extraction of guayule tissues with 89% ethanol effectively sep¬ 
arates the levulins into two major portions. The use of this procedure 
may therefore serve as a convenient sieve to distinguish changes in the two 
fractions with time. On successive dates such changes may be determined 
and correlated with such environmental factors as available mineral nutri¬ 
ents, light intensity and duration, CO* content of the air, or with low tem¬ 
perature, soil moisture stress (drought), etc. Experiments have shown that 











84 


PLANT PHYSIOLOGY 


the absolute and relative proportions of the two levulins fractions in guayule 
plants are markedly affected by low temperature, high soil moisture stress, 
and other environmental factors (3, 5, 6, 7, 38, 39, 40). The making of such 
measurements has proved to be a more dynamic, and therefore a more valu¬ 
able tool in physiological research than the analysis of total cold water 
soluble polysaccharides alone. 

Role of carbohydrate fractions 

On the basis of the available facts, inulin, insoluble in water at ordinary 
temperatures, is the least available storage form of carbohydrates in the 
guayule plant, while levulins, soluble in water at ordinary temperatures, are 
the more readily available reserve carbohydrates in solution in the cell sap. 
Fructose, or levulose, and other free monosaccharides (7, 39, 41), apparently 
are the chief carbohydrates of translocation since they are always present in 
relatively small amounts in the stems and roots of the guayule plant, but 
predominate in the leaves and inflorescences. However, there is the possi¬ 
bility that levulins may also be translocated. 

Summary 

1. The presence of levulins in guayule tissues in addition to inulin previ¬ 
ously reported, and in relatively greater amounts, has been established. 
Thus the McRary-Slattery assumption that sucrose is a major reserve carbo¬ 
hydrate associated with inulin in guayule tissues has been shown to be 
untenable. If sucrose should be present at all, it would constitute only a 
minor fraction of the total carbohydrate reserves. 

2. The levulins may be fractionated into two major portions by extrac¬ 
tion of guayule tissues with 89% ethanol: (a) the 89% ethanol soluble frac¬ 
tion, and (b) the 89% ethanol insoluble fraction. On the basis of this fact, 
a method has been devised for use in seasonal physiological studies to deter¬ 
mine the absolute and relative proportions of the two fractions in response 
to environmental factors. The method is a more dynamic tool for such 
studies than the mere recording of total residues. 

3. On the basis of diffusion coefficients, it has been shown, on the one 
< hand, that Pringsheim’s hypothesis for the presence of an homologous series 

of polymers between inulin and the monosaccharides does not hold for guay¬ 
ule; and on the other hand, that apparently difructose anhydrides are not 
present in guayule plants although reported in girasole tubers, Helianthus 
tuberosus, also a Composite, by Schlubach and Knoop. 

4. The levulins are the chief reserve carbohydrates in the guayule plant, 
and inulin is secondary in importance from this standpoint. 

5. Although, under the experimental conditions, top invertase hydro¬ 
lyzed from 30% to 65% more of the levulins extracted from guayule tissues 
than were hydrolyzed by invertase of bottom fermentation, hydrolysis with 
1% HQ was required to obtain complete hydrolysis of the levulins. 

Bubka u or Plant Industry 

Soils & Agricultural Engineering 

United States Department or Agriculture 
Beltsvtlle, Maryland 
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AN AUTOMATIC APPARATUS TO COVER AND UNCOVER PLANTS 
IN PHOTOPERIOD EXPERIMENTS 

Paul J. Kbameb 

(with one figure) 

Beceived July 5, 1946 

In photoperiod experiments short-day plants are usually either covered 
with cloth shades hung over some sort of framework or else placed in light- 



B 



.A 

Pig. 1. (A) Diagrammatic end view showing arrangement of box and winch in 

relation to side wall and roof of greenhouse. (B) Arrangement of motor, speed reducing 
gear, and winch. The drum of the winch is a piece of hard wood with the outer end 
turned down to form a shaft. This is supported in a hole in a board attached to the 
base and lubricated with oil and graphite. The ends of the drum are discs of plywood, 
and the inner end is bolted to a plate on the reducing gear. 

proof boxes. Whatever the details, these methods require someone to be 
present at a specific time each morning and evening to attend to the plants. 
Difficulty in finding anyone to do this led to the development of a mechanical 
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apparatus to cover and uncover groups of plants at any predetermined time, 
without requiring the presence of an attendant. 

The apparatus consists of a box-like enclosure seven feet square, with 
front and sides two feet high and a back three and one-half feet high (fig. 1). 
The cover is a light wooden frame (C) hinged to the back and covered with 
light-proof cloth which hangs down on the sides and front overlapping the 
wooden sides of the box and darkening the interior. The part of the cover 
overhanging the front (C a ) is mounted on a framework hinged to the top 
frame allowing it to swing back against the top when the cover is raised, 
thereby reducing shading of the interior of the box. The cloth forming the 
sides is attached to the front of the cover and to the back of the box so that 
the cloth is firmly held in place when the cover is down. Overhead clearance 
of about 10 feet is desirable to permit raising the cover almost to the vertical 
position during the day to prevent shading the plants. When the cover is 
lowered the hinged front slides down the sloping posts (D) at the front 
corners of the box. This prevents it from being caught on the posts or walls 
in such a way as to prevent complete closure. If the box faces approxi¬ 
mately south, the cover can be pulled back toward the north where it inter¬ 
cepts the minimum of light. 

Boxes of various sizes can be constructed. Larger boxes should be rec¬ 
tangular with the cover hinged on the long edge as too much head room is 
required for a cover larger than six or seven feet wide. Under some condi¬ 
tions a ventilator fan would be necessary to prevent the temperature inside 
the closed box from becoming much higher than outside. This can be con¬ 
trolled by a switch operating only when the cover is down. 

The position of the cover is controlled by an electric time switch through 
which current is supplied to a reversible electric motor (M). The motor 
drives a 48 to 1 reduction gear (G) to which is attached a small wooden 
winch (W). The winch raises and lowers the cover by winding and unwind¬ 
ing a rope (R) extending from the cover over a pulley attached to the green¬ 
house roof and down to the winch. The time switch has two separate circuits, 
controlled independently, one to raise the cover in the morning, the other to 
lower it at night. One of the circuits operates a double-pole double-throw 
relay used as a reversing switch, so the motor can be operated in one direc¬ 
tion to lower the cover and in the opposite direction to raise it. Limit 
switches (S and Si) are so placed that when the cover reaches the fully open 
and fully closed positions it operates the switches, breaking the circuit and 
stopping the motor. Limit switch S! is placed on the inside of post D and 
can be operated by a wire projecting from the cover. 

A motor of one-sixth horsepower is used in this apparatus, but a one- 
eightli horsepower motor could lift a cover of the same size. The reduction 
gear is of the small worm gear type commonly listed in catalogs of scientific 
apparatus. The limit switches are small toggle switches with extensions 
made of copper tubing fastened to the metal toggles. They are held in the 
closed position by gravity and springs except when the cover is pressed 
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against the toggle extensions. The time clock controls the current from the 
line to one side of the motor through two separate circuits. One circuit (A) 
is used to supply current in the morning to lift the cover, the other circuit 
(B) supplies current to replace the cover in the evening. The sequence of 
events is as follows: in the morning the time clock closes circuit A, the motor 
starts, and the cover is lifted until it strikes the limit switch S, stopping the 
motor. In a few minutes the time clock turns off the current in circuit A. 
Removal of the cover has meanwhile allowed switch Si to close, making 
circuit B available for use in the evening. At the desired time in the evening 
the time switch turns current on in circuit B, actuating the reversing switch 
and running the motor and winch in reverse to lower the cover. As the 
cover is lowered switch S closes so that circuit A is ready for operation the 
next morning. When the cover is in the closed position it opens switch Si 
stopping the motor. 

Many of the details of this apparatus are susceptible to variation, and 
ingenious readers will doubtless think of various improvements. The appa¬ 
ratus as described has been in operation over a year with only minor mis¬ 
haps and has not failed once in the past six months. It provides a practical 
and convenient method of growing plants with short photoperiods for re¬ 
search and class use. 

Department op Botany 
Duke University 

Durham, North Carolina 



NOTES 


John Wesley Shive. —Dr. Shive has retired from active professional 
work this year. He relinquished his duties both at Rutgers University 
where he has been Head of the Botany and Plant Pathology. Department 
since 1924 and at the New Jersey Experiment Station in Brunswick where 
he has been Head of the Department of Plant Physiology. 

During the thirty-one years Dr. Shive has been at Rutgers University 
and at the New Jersey Experimental Station, he has been an outstanding 
teacher of plant physiology. He is an inspiring and conscientious instruc¬ 
tor as evidenced by the great number of his students who have continued in 
teaching and research in plant physiology and related fields. 

Dr. Shive is an analyst by nature and is extremely skillful in developing 
a productive research. He is a scholarly thinker and a sound logician, 
readily detecting fallacies in unwarranted conclusions. He himself has 
unusual ability and enthusiasm for research work, and he has been quick 
to recognize and encourage the efforts and contributions of his students. 
He has directly supervised the research projects of over fifty graduate stu¬ 
dents. In addition to the help he has given students in publishing their 
scientific papers, he also is the joint author of fifty-two papers and the sole 
author of some forty independent scientific works. 

John Shive was born in Halifax, Pennsylvania, in 1877. He received 
his Ph.B. in 1906 and his A.M. in 1908, both from Dickinson College. From 
1913 to 1915 he was a fellow in plant physiology at Johns Hopkins, and in 
1915 he received his Ph.D. degree from that institution. 

During his professional career, Dr. Shive has achieved international 
distinction and enjoys a position of highest esteem among his American 
colleagues. He collaborated with a special Committee on the Division of 
Biology and Agriculture of the National Research Council under the chair¬ 
manship of Dr. B. E. Livingston in formulating and testing standard series 
of nutrient solutions for plant culture. The comprehensive report of the 
Committee was published in Baltimore in 1919 as “A Plan for Cooperative 
Research on the Salt Requirements of Representative Agricultural Plants.” 
He is Associate Editor of Soil Science, journal of the Torrey Botanical Club, 
and a member of the Editorial Board of Plant Physiology; he is a charter 
member and past president of the American Society of Plant Physiologists. 
In 1938 the latter organization awarded him the honorary Stephen Hales 
Prize “in recognition of a lifetime of distinguished service to plant physiol¬ 
ogy.” He has been cited and elected to membership in the Royal Agricul¬ 
tural Society of Sweden and in 1938 he was starred in “American Men of 
Science.” He is a member of Torrey Botanical Club and the Botanical 
Society of America; and he has been elected to honorary membership by 
the Rutgers Chapters of Phi Beta Kappa and Sigma Xi, serving as Chapter 
president of each, and of Alpha Zeta. 
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Dr. Shive’s interests and abilities are varied. Not only is he an expert 
scientist i he is also a photographer of professional grade, a skillful crafts¬ 
man of great originality in experimental work, an outdoor enthusiast, and 
a participant in numerous sports. The American Society of Plant Physiolo¬ 
gists and its journal, Plant Physiology , are pleased to acknowledge his dis¬ 
tinguished contributions as a scientist, as an officer of many years of able 
service, and as a loyal friend of the profession. 

Joseph H. Gourley.— Dr. Gourley, Head of the Department of Horti¬ 
culture at the Ohio Agricultural Station since 1921 and Chairman of the 
Department of Horticulture and Forestry at the Ohio State University since 
1929, died at the age of 63 on October 27, 1946, at Wooster, Ohio, following 
an attack of coronary thrombosis. Until a week before his death he was 
carrying heavy administrative responsibilities, in addition to the direction 
of a large class of senior and graduate students and the instruction of 165 
freshman majors in horticulture. 

The entire field of plant science suffers a great loss in the death of Dr. 
Gourley, for in addition to outstanding contributions to research in his 
own field, such as his orchard soil management studies, he possessed a broad 
knowledge and a stimulating interest in plant physiology and plant anatomy, 
the subject in which he obtained his doctor’s degree at the University of 
Chicago. He believed deeply in the establishment and maintenance of the 
closest possible relations between the various fields of plant science, and he 
felt that horticulture could be adequately served only so long as its investi¬ 
gators and teachers possessed thorough basic training in botany and plant 
physiology. This breadth of viewpoint made him keenly aware of new 
developments throughout the field so that men doing research under him 
were always encouraged to advance along new and exploratory lines. Dr. 
Gourley, who was well known throughout the country, will be greatly 
missed by all who knew him, not only as a scientist and teacher, but also 
as a person of warmth and charm with an unlimited capacity for friendship. 

Bayard F. Floyd.—On November 8, 1945, Mr. Floyd, Vice-President of 
the Wilson and Toomer Fertilizer Company of Davenport, Florida, died 
of a cerebral hemorrhage. He was stricken while attending an all-day meet¬ 
ing of the Florida Agricultural Research Institute in Winter Haven, 
Florida. He is survived by his widow, Mrs. Dixie W. Floyd. 

Walter S. Clark.—Probably the youngest member of the American So¬ 
ciety of Plant Physiologists, Mb. Walter S. Clark died on October 31,1946. 
During the past three and orie-half years he has been assisting in the Depart¬ 
ment of Botany at Duke University. His exceptional interest and outstand¬ 
ing ability in science gained him an early admittance to the University be- 
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fore his high school graduation. He has published one paper and was co¬ 
author of another which is now in press. His high scholarship was recog¬ 
nized in his junior year by his election to Phi Beta Kappa. Me. Clabk is 
survived by his mother, Mbs. Feances Clabk Bbitton, of Miami, Florida. 


Life Membership. —The Executive Secretary-Treasurer has announced 
the purchase of a Life Membership by Db. Wendell R. Mullison. Db. 
Mullison, recently returned from Curacao, is now Plant Physiologist with 
the Dow Chemical Company at Midland, Michigan. The Society is very 
happy to welcome Db. Mullison to the growing roster of Life Members. 

The Society offers a Life Membership on the payment of One Hundred 
Dollars in a lump sum. Life members pay no further dues and they receive 
the journal for life without any additional charge. Members may become 
Patrons of the Society upon payment of Two Hundred Dollars (or more at 
their option) and also receive the journal for life without further cost. A 
Life Membership represents a sound financial investment as well as the 
satisfaction of professional distinction. 

Crop Production and Environment.—R. 0. Whyte. Faber and Faber, 
Ltd., 24 Russell Square, London, W. C. 1, England. Ryerson Press, Agent, 
299 Queen Street, West Toronto (2B), Canada. 372 pages. $5.00. 

The author’s long association with the Imperial Bureau of Pastures and 
Forage Crops at Aberystwyth, Wales, makes him well qualified to undertake 
a correlation of research in pure and applied science as related to crop pro¬ 
duction. The subject is approached from the standpoint of development. 
The terms growth and development are differentiated on the basis of defini¬ 
tions given at the outset by the author. The first portion of the book criti¬ 
cally reviews recent important researches on environmental factors in 
relation to growth and development, especially as they influence growth 
substances and nutrients as autogenous factors in ontogeny. The final 
chapters are devoted primarily to a consideration of the application of the 
foregoing physiological principles to the production of particular crops. 
Special attention is given to physiological aspects of the geographical dis¬ 
tribution of crop plants, plant introduction, and breeding. The book con¬ 
cludes with a survey of the developmental behavior of crops and methods 
of manipulation of their growth and development. 

The comprehensiveness of the world literature reviewed is correlated in 
an exceptionally effective manner and makes the book particularly valuable. 
Despite the handicaps of war, the author appears to have had access to 
recent publications of many nations and thus brings the discussions up to 
the present date. Readers will find the thorough appraisal of recent Rus¬ 
sian researches particularly illuminating. The problems of production of 
specific crops are of as much interest to plant physiologists as to agronomists. 
The historical review of physiological research on growth and development 
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beginning with the work of Klebs vividly reveals the epoch-making strides 
made in the brief period of less than three decades. These studies are still 
gaining in momentum and pace, suggesting that even greater success in 
understanding and control of life processes in plants may be expected within 
the next few years. 

The subject matter of the book is arranged as a very logical progression 
of ideas. Figures and tables have been judiciously selected and contribute 
considerably to clarification of the discussions. Particular attention has 
been given to citations and indexes which facilitate use of the book for rapid 
reference. Citations are grouped by chapters but are supplemented by 
separate volume indexes of authors, genera, and subjects. A very helpful 
glossary of scientific terms is also included. 

Emahrung und Stoffwechsel der Pflanzen.— A. Frey-Wissling. 
Biichergilde Gutenberg, Zurich, Switzerland. G. E. Stechert & Company, 
31 East 10th Street, New York 3, New York. 295 pages. $2.50. 

Plant scientists will welcome this authoritative monograph of plant 
nutrition and metabolism. The content is grouped under the following 
major headings: Resorption, Assimilation, Translocation and Accumulation. 
Growth, Dissimilation, and Elimination. Though the text presupposes a 
knowledge of physical and chemical fundamentals, it is not extremely tech¬ 
nical. The author brings up-to-date the established concepts concerning 
the topics discussed and includes reference to much recent European re¬ 
search which has been relatively inaccessible on account of the War. In 
view of the wartime difficulties under which the book was written, it is 
excellently documented. 

With the exception of the comparatively brief discussion of recent work 
on photosynthesis, all topics are rather comprehensively presented. The 
author’s special competence concerning the physiology of elimination by 
plants makes this section of the book a very helpful and critical summary. 
The section on translocation emphasizes important recent researches on the 
conduction of water and solutes through cell walls. The work of Wieland 
and Warburg on respiration is reconciled in a clear and concise manner. 
The book has an attractive and very readable format. It has separate author 
and subject-matter indexes, the latter being quite comprehensive and thor¬ 
oughly cross-indexed. Numerous figures and tables contribute consider¬ 
ably to the clarity of the contents. 

Contribution to the Physics of Cellulose Fibres. — P. H. Hermans. 
Elsevier Publishing Company, New York, New York. 225 pages. $4.00. 
. This -book on sorption, density, refractive power, and orientation of 
cellulose fibers constitutes cominunication no. 21 of the Institute for Cellu¬ 
lose Research of the Algeineene Kunstzijde Unie (A.K.U.) of Utrecht, 
Holland, and Is one of the monograph series, Progress of Research in Hol¬ 
land during the War. Though endeavoring to assemble the results of earlier 
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related research, much of this publication is an'original contribution on 
the physical properties of cellulose. 

Though the subjects discussed are of interest primarily to those engaged 
in cellulose and fiber research, the interpretations of density measurements 
and optical properties make the subject matter of value to plant scientists. 
A special section on experimental methods is included. The differences be¬ 
tween native and regenerated fibers in sorptive properties and swelling 
capacity are given special emphasis. The various sections on the theoretical 
background of cellulose physics are each concluded by a very concise and 
useful summary. Though the book lacks a general index, the table of con¬ 
tents is sufficiently detailed to permit use for reference purposes. 

Goethe’s Botany; The Metamorphosis of Plants (1790) and Tobler’s 
Ode to Nature (1782).—Edited by Frans Verdoorn. Chronica Botanica 
Company, Waltham, Massachusetts. 63 pages. $2.00. 

Botanists will welcome the translation into English of Goethe’s Meta¬ 
morphosis of Plants and the accompanying critique of his concepts by a 
very competent reviewer. The origin of Goethe’s interest in plants and 
his general viewpoint of metamorphosis are of special interest. This con¬ 
cise review is authentically documented and written in a very lucid style. 

pH and Plants. —James Small. Bailliere, Tindall and Cox, 7 and 8 
Henrietta Street, Covent Garden, London, England; G. E. Stechert & Co., 
31 East 10th Street, New York 3, New York. 216 pages. $4.00. 

This compact book reviews recent important methods and data on pH in 
relation to plant physiology. Methods of approach, applications, and types 
of results expounded provide a helpful resume of the current status of 
hydrion studies. A wide variety of data are included on interrelationships 
between pH and such topics as metabolism, enzymatic reactions, plant struc¬ 
tures, pathology, and ecology. The book is well illustrated, and a selected 
bibliography of over 300 important papers is included. 
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Introduction 

Well-authenticated information on pineapple plant response to nitrogen 
constitutes a valuable criterion in commercial fertilizer practices because the 
amounts and time of their application are determined by the physical appear¬ 
ance of the plants, designated as plant status, as well as by chemical analyses 
of their tissues. 

Besides nutrition, physical factors such as light, temperature, and mois¬ 
ture may also influence the appearance or status of plants as measured by 
the chlorophyll content, succulence, and texture of the leaves. Under green¬ 
house conditions light was approximately 30% lower and temperature from 
three to five degrees higher than in the open. 

Data presented in a previous publication ( 26 ) showed that growth and 
intake of nutrient mineral elements by A. comosus grown in nutrient solu¬ 
tions under greenhouse conditions increased more with high than with low 
amounts of nitrogen. Data for the same plants on dry matter, chlorophyll, 
titrable acidity, ascorbic acid, and various carbohydrate fractions are pre¬ 
sented below. 

Methods 

Cultural methods were presented in a previous publication ( 26 ). The 
morphological basis of leaf nomenclature, the technique for sectioning the 
various organs, and the preparation of the tissues for chemical analysis have 
also been reported (22). 

A brief review of the system of leaf nomenclature, originally reported 
elsewhere (22), may familiarize the reader with the different groups of leaves 

i Published with the approval of the Director as Technical Paper no. 168 of the 
Pineapple Research Institute, University of Hawaii. 
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and the position of their sections. Leaves having completed growth at the 
time of planting are designated as senile (A), and those having attained 
only partial growth as old (B). The leaves which are formed after planting 
are grouped according to their chronological age and physical appearance 
at the time of plant harvesting as mature (C), active (D), or young (E). 
All leaves are cut to four or five sections which may differ in physical appear¬ 
ance and chemical composition. The basal section, which is composed of 
meristematic tissues in leaves not having attained complete development and 
lacking in chlorophyll, is designated as no. 1, and the immediately adjoining 
section, which is partly chlorophyllous and occupies the position between 
the non-chlorophyllous and chlorophyllous sections, as no. 2. Section nos. 
3, 4, and 5 are chlorophyllous but differ in chemical composition, presuma¬ 
bly because of differences in chronological age and rates in physiological 
functioning. 

Synoptic expressions have been introduced for the often repeated, long 
appellations of the cultures and series. Thus the cultures with 140.0 mg. 
of nitrogen per liter of solution are designated as high-N and those with 
2.8 mg. as low-N cultures. 

Review of literature 

The literature on carbohydrate and nitrogen relations is very extensive. 
It is mainly concerned with the effects of varying amounts of nitrogen on 
carbohydrate accumulations in plant tissues and the interdependence of vege¬ 
tative growth or fructification of such carbohydrate and nitrogen relations. 

Nightingale’s studies (18) on the nitrate and carbohydrate reserves in 
relation to the nitrogen nutrition of pineapples indicated that: “ It is essen¬ 
tial to maintain an adequate reserve of nitrate in the plant. If the concen¬ 
tration of nitrate is relatively low ... its reduction is not so efficiently or 
freely effected as when it is higher. Sufficient carbohydrates must be avail¬ 
able for oxidation as nitrate is reduced.” In a later publication (19) he 
reported: “In the pineapple plant a low reserve of nitrate was found ade¬ 
quate for greatest possible yield of fruit when carbohydrates were low, in 
contrast with the requirements of the plants of high nitrate reserves for 
maximum production when carbohydrates were high.” Wadleigii (29) 
observed in cotton plants that hemicellulose reserves had not been affected 
at all, while sugars and starch were more abundant in the tissues of the low 
than high nitrogen cultures, but the yield of bolls was 5.3 times greater in 
the latter than former cultures. The studies of Russell and Bishop (21) 
on the relationships of nitrogen and carbohydrates in barley showed that: 
“Nitrate^assimilation is normally most active in the early part of the plant’s 
life fuid carbohydrate synthesis continues much later but its total amount 
d^p&dfi on the quantity of nitrate taken up so that the two processes, though 
quite distinct, are nevertheless closely related.” Murneek (15) observed 
that flowering of apples is characterized by marked increase of all active 
fonps of carbohydrates and nitrogen, while leaf and fruit development is 
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characterized by an accumulation of nitrogen int water insoluble form which 
is plentiful in the leaves early in the season; later the nitrogen distribution 
is reversed. Traub (28) noted that apple twigs contained, during the most 
active growth period, higher amounts of amino nitrogen, but lower amounts 
of protein nitrogen, total sugars, and total carbohydrates. Das (8) found 
in sugar cane that increasing nitrogen supplies increased the size of the leaf, 
the rate of leaf and joint formation, rate of elongation, tillering, yield of 
cane, uptake of ash constituents, soluble nitrogenous fractions, succulence, 
and content of reducing sugars, but decreased the concentration of sucrose 
in the expressed juiee. Macy (10) expounded a theory called “the relation¬ 
ship between sufficiency of a nutrient and its percentage content in the 
plant” which claimed to show that maximal yields of barley and straw are 
obtained when a certain critical percentage of nitrogen in the tissues is 
attained. Macy’s theory may be challenged by Boynton and Compton’s 
(1) statement that chemical analysis of leaves for nitrogen, potassium, or 
magnesium cannot take the place of careful observations on tree behavior, 
appearance, and development of visible leaf or fruit symptoms; but that 
such analysis coupled with these observations may make possible a positive 
diagnosis that neither alone would have permitted. Loehwing (9) observed 
in oats, corn, and wheat that high yield in young plants was associated with 
high carbohydrates and high organic nitrogen, and low yield, with low pro¬ 
tein, low carbohydrate and high nitrate content. According to Gauch and 
Baton (4), carbohydrate accumulations in barley plants grown in solutions 
with low and high concentrations of chlorides and sulphates were found to 
increase in the cultures with high concentrations of Cl or S0 4 which had also 
retavded plant growth. McIlvanie (11) found that the total nitrogen con¬ 
tent of the roots of Ayropyron spicatvm was depleted, in the vegetative 
stage, to 53% of that present in the formative stage and carbohydrates, 70% 
of that occurring at the normal minimum; while the greatest relative 
amounts of reducing sugars were associated with rapid vegetative growth 
of sucrose with differentiation, and reserve polysaccharides with the brief 
rest period prior to secondary growth. 

Results 

General appearance 

The high-nitrogen plants were very vegetative. The leaves were quite 
long, broad, green, and soft by comparison with the low-nitrogen plants. 
The latter were smaller, with narrower, shorter, and stiffer leaves and with 
some die-back symptoms in the terminal regions of the relatively old or 
mature leaves. The death of such regions was presumably caused by nitro¬ 
gen deficiency. 

Dry matter 

Dry matter values reported as mg. per gram of fresh tissue were gen¬ 
erally higher in the chlorophyllous sections (nos. 3, 4, and 5) of the leaves 
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for the high-N than low-N cultures in both nitrate- and ammonium-nitrogen 
series (fig. 1). Similar values in the combined basal and transitional (nos. 
1 and 2) sections of the old (B) leaves which contained some chlorophyll 
were greater for the high-N than low-N cultures. In the nitrate-N series the 
basal (no. 1) and transitional (no. 2) sections of the young (E) leaves con¬ 
tained more dry matter for the high-N than low-N cultures. Dry matter 
values of the stem in the nitrate-N series were greater in the apical and 
medial but not in the basal sections for the high-N than low-N cultures. 
Similar values in the ainmonium-N series, however, were greater for the 
low-N than high-N cultures. The roots contained more dry matter for the 
low-N than high-N cultures in both series. 



Fig. 2. Chlorophyll in different leaf sections of A . comosus grown in solution cul¬ 
tures with 140.0 or 2.8 mg. of nitrogen per liter supplied either as NO s or NH 4 . 

Additional data indicate that differences in the dry matter content of 
comparable sections between different cultures resulted mostly from differ¬ 
ences in the amounts of organic acids and sugars (table II and figs. 2, 3, 4, 
and 5). 

ClILOROPHYLLOrS PIGMENTS 

The chlorophyll and carotenoid content of tissues was greater for the 
high-N than low-N cultures (figs. 2 and 3). Concentrations of both pigments 
increased progressively from the basal (no. 1) to the terminal (no. 5) sections 
of the leaves except in a few sections. In A. comosus, as in all other plants, 
chlorophyll, depending on nitrogen for the synthesis of its molecule and for 
the proteinaceous stroma and grana of the chloroplasts, increased with 
greater supplies of nitrogenous fertilizers. The amounts of carotenoids in 
the various leaf sections correlated with those of chlorophyll, although nitro¬ 
gen is not a component of the molecules of carotene or xanthophyll. 













































OFe/mCAODKX OtAMOF ffCS*TJSS4/£ 


ft 3 * t / t 3 * 3 / t 3 * 3 / t 3 9- M J * i / £ 3 * 3 / £ 3 9 * / £ 3 ■ 

mr nr s m I I nr mt r • nr tut i m» wr<— -r/f «r<- -nr - — nr a vr—— . 

t C D 3 ’ 3 C D 3 

Old mru** *c m/£ yoi/va old matukc Acr/\/e volwo 


LEA V E S 

NITRATE 


L E A V ES 

A M M O N / U M 


Fig. 3. Carotenoids in different leaf sections of A. comosus grown in solution 
cultures with 140.0 or 2.8 mg. of nitrogen per liter supplied either as NO, or NH,. 

The occurrence in relatively definite proportions in the cell of chlorophyll 
and carotenoids which are functionally interrelated suggests that their 
genesis may be synchronous. However, carotenoid formation in the stem 
and roots of Daucus carota and possibly in other plants is presumably inde¬ 
pendent of chlorophyll. 

Acidity 

Titrable acidity, reported as citric acid (fig. 4), was greater in the leaves 
of the high-N than low-N cultures. Minor exceptions which cannot be ex¬ 
plained were observed in the chlorophyllous sections (no. 3) of the old (B) 
leaves of the low-N cultures in both series, also in sections of other leaf 
groups and in the stem of the nitrate-N series. 
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Preliminary studies (26) indicated that the organic acid content of 
chlorophyllous regions in leaves, as determined by weight, increased with 
greater plant vigor suggesting that the greater organic acid content of the 
high-N than low-N cultures had probably resulted from increased respiration 
caused by a higher rate of metabolic activity. Organic acids, presumably 
products of respiration, accumulated in plant tissues during the night or 
periods of darkness, possibly through enzymatic oxidation of sugars, and 
disappeared during the day or periods of light, also through enzymatic 
reduction to sugars or by further oxidation to carbon dioxide and water. 

The acid content of non-chlorophyllous tissues in the basal leaf sections 
or in the stem or roots is not affected appreciably by diurnal changes, plant 



Fig. 5. Ascorbic acid in different leaf sections of A. comosvs grown in solution 
cultures with 140.0 or 2.8 mg. of nitrogen per liter supplied either as NOj or NH 4 . 

vigor, or different kinds of nutrition. Therefore, in view of the accumula¬ 
tion of great amounts of organic acids in the chlorophyllous and exceedingly 
small amounts in the non-chlorophyllous sections, it would be misleading 
to associate both sections of the leaves with the same type of biochemical 
reactions generated during respiration. It is hypothetically possible that 
respiratory activity in non-chlorophyllous tissues lacking in ascorbic acid, 
a reducing agent, might involve the complete oxidation of sugars to carbon 
dioxide and water, whereas in the chlorophyllous tissues, amply supplied with 
ascorbic acid which is not affected by diurnal changes in the pineapple, 
sugars may be oxidized mostly to intermediary products, e.g., malic, citric, 
and other carboxylic acids which tend to accumulate in the tissues. 
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Ascorbic acid 

The amounts of ascorbic acid in the chlorophyllous tissues of the leaves 
varied considerably between the high-N and low-N cultures (fig. 5). In the 
young (E) and active (D) leaves ascorbic acid was generally higher for the 
high-N than low-N cultures, but in the mature (C) and old (B) leaves the 
low-N contained more than the high-N cultures. 

In view of the fact that our knowledge of the physiological functions of 
ascorbic acid in plant metabolism is limited, no satisfactory explanation can 
be offered for the greater accumulations of this substance in the young (E) 
and active (D) leaves of the high-N cultures or the converse in the low-N 
cultures. 

Sugars 

Total sugars showed greater accumulations for the high-N than 1oav-N 
cultures (fig. 6). The gradients of sugar concentration in the tissues in¬ 
creased from the transitional (no. 2) to the terminal (no. 5) sections for the 
high-N but decreased for the low-N cultures in all except the young (E) leaf 
groups. In the latter group the sugar gradients increased from the transi¬ 
tional (no. 2) to the terminal (no. 5) section for the high-N and low-N 
cultures. 

The chlorophyllous sections of leaves (nos. 2, 3, 4, and 5), associated with 
carbohydrate production by photosynthetic activity, and the basal sections 
(no. 1) composed of meristematic tissues and associated with carbohydrate 
utilization by formation of new tissues, present two contrasting aspects of 
the carbohydrate economy of the leaves. Ratios of mean sugar or of the 
combined sugar plus starch values of the chlorophyllous sections (nos. 2, 3, 
4, and 5) to the basal section (no. 1) indicate the relative pressure or level 
of such carbohydrate substances in the producing (photosynthetic) and con¬ 
suming (meristematic) regions (table I). The ratios show that a higher 
level was attained in the chlorophyllous than in the basal sections for the 
high-N cultures and the opposite or a negative pressure for the low-N cul¬ 
tures in all leaf groups except the young (E). The greater ratios of readily 
available carbohydrates (sugars and starch) in the chlorophyllous regions of 
the leaves of the high-N than low-N cultures should be attributed to the 
higher content of chlorophyll of the former cultures. 

Starch 

Starch concentrations in fresh plant tissues varied in the different cul¬ 
tures (fig. 7). In general the high-N cultures in the nitrate series contained 
more starch in the chlorophyllous sections of the leaves and in the stem than 
the low-N cultures. In the basal (no. 1) and transitional (no. 2) sections 
of the mature (C), active (D), and young (E) leaves with rapidly growing 
tissues, however, starch was more abundant for the low-N than high-N cul¬ 
tures. ^ailar values in the ammonium series were greater for the low-N 
than tlppfgli-N cultures. It was also indicated in former studies ( 24 ) that 
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Fig. 6. Sugars in different sections of A . comosus grown in solution cultures with 140.0 or 2.8 mg. of nitrogen 
iter supplied either as NO s or NH*. 
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Starch: 

Old (B) 3.34 I 7.80 0.43 0.87 1.06 0.82 1.20 0.28 4.28 0.72 1.00 0.72 

Mature (C) 3.82 2.26 1.69 2.39 4.86 0.49 1.22 0.15 8.13 2.80 9.72 0.29 

Active (D) 4.33 2.20 1.97 6.27 8.23 0.76 0.51 0.28 1.82 3.72 13.70 0.27 

Young (E) , 4.45 . 1.48 3.00 1.90 0.41 4.63 0.20 0.28 0.71 1.06 0.62 1.70 
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the lower starch values for the aiumonium-N than uitrate-N series might 
have resulted from a high chloride content in the former series which inter¬ 
fered with optimum metabolic activities. In this study starch ratios for the 
high-N cultures were greater in the chlorophyllous than in the non-chloro- 
phyllous regions, e.g., the meristematic tissues of the basal sections of the 
leaves, whereas similar ratios in the low-N cultures were smaller in the 
chlorophyllous than in the non-chlorophyllous basal sections except in the 
young (E) leaves (table I). 

The data indicate that reduced growth activity caused by low supplies 
of nitrogen in the substratum may produce great starch accumulations in 
the basal (no. 1) and transitional (no. 2) sections which result from a low 
rate of carbohydrate utilization in the formation of new tissues. 

Hemicellulose, cellulose, and lignin 

Former studies ( 23 , 25 ) indicated that no significant changes resulted 
from differential treatments of nutrition in the hemicellulose, cellulose, or 
lignin content of tissues, possibly because these substances representing 
structural and not energy-yielding units are relatively inert to the metabolic 
activities of the cell. Winkler and Williams ( 30 ), in Vitis vinifcra, and 
Wadleigh ( 29 ), in Gassy pium barbadense, observed that the hemicelluloses 
are not affected by nutritional conditions because they are not utilized as 
sources of energy. 

Total hemicellulose, and cellulose plus lignin values estimated on the 
basis of former findings ( 24 ) are compared with other carbohydrate fractions 
of the tissues (table II). 

Discussion 

The relation of nitrogen to carbohydrate synthesis and accumulation in 
plant tissues has been studied and discussed extensively by various investi¬ 
gators in association with vegetative growth and fructification under the 
title “carbon/nitrogen ratios.” Thomas ( 27 ), reviewing the entire subject 
of carbon/nitrogen ratios, concluded as follows: (a) Carbohydrates increase 
in tissues with low growth activity and decrease with high activity; (b) 
nitrogen of the tissues is high before active growth, but it decreases with 
active growth, and (c) no specific carbon/nitrogen ratios have been found 
for any response. 

Data herein presented cannot be evaluated in the light of Thomas’ con¬ 
clusions with respect to fruit yields because they are concerned primarily 
with vegetative growth and not with fructification. However, certain com¬ 
parisons concerned with the vegetative growth of the high-N and low-N 
cultures and their content of total sugars and starch reveal the following: 
Sugat«levels were lower in the basal (no. 1) sections with meristematic 
tissues than in the chlorophyllous sections of the leaves (nos. 2, 3, 4, and 5) 
for %e high-N cultures with a high rate of vegetative growth and great 
carbohydrate utilization (fig. 8). Similar levels for the low-N cultures with 
reduced vegetative growth were reversed, being higher in the basal (no. 1) 
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than in the chlorophyllous (nos. 2, 3, 4, and 5) sections of the leaves, indi¬ 
cating a low rate of carbohydrate utilization and of synthesis. Differences 
in sugar levels between the basal (no. 1) and chlorophyllous (nos. 2, 3, 4, 
and 5) sections of the mature (C) and active (D) leaves were very small 
for the high-N cultures in the ammonium series, possibly because of inter¬ 
ference with sugar utilization for the formation of new tissues by high 
chloride concentrations. Starch accumulated in greater amounts in the 
transitional (no2) and basal (no. 1) leaf sections of the low-N than high-N 
cultures, further corroborating the association of higher amounts of starch 
with plants of low vegetative growth. The relationship of higher amounts 


24 b. 1 1 Basal leaf Motions (No* 1) HU Chlorophyllous sect ions (Nos* 2, *, «i 



IfiG. 8. Sugars, as mg. per gm. of fresh tissue, in the basal (meristematic) and 
chlorophyllous (photosynthetic) sections of the leaves of high-N and low N cultures. 

of available carbohydrates (sugar and starch) with plants of low vegetative 
growth are in harmony with Thomas’ postulation a. (Postulation b will be 
discussed in a subsequent publication.) 

Sugar and starch were higher in the basal (no. 1) and transitional (no. 2) 
than in the chlorophyllous (nos. 3, 4, and 5) leaf sections of the low-N cul¬ 
tures, whereas in the high-N cultures the levels were lower (figs. 6 and 7). 
These should be attributed to the restricted nitrogen supplies of the former 
cultures which caused reduction in the rate of growth and resulted in carbo¬ 
hydrate accumulations. Also, the higher chlorophyll content of the high-N 
cultures contributed toward greater carbohydrate synthesis. Results thus 
far indicate that physiological conditions which prompt reduction of vege¬ 
tative growth also favor carbohydrate accumulations in plant tissues. Re¬ 
tardation of vegetative growth may result from insufficient amounts of all 
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essential mineral nutrients, water, or from traumatic and pathological 
factors; the latter might cause carbohydrate accumulations by interfering 
with the speed of carbohydrate translocation to other plant tissues or utili¬ 
zation for the formation of new tissues. Carbon dioxide, light, and tem¬ 
perature in insufficient amounts, although retarding vegetative growth, may 
cause carbohydrate depletion because they are directly associated with photo¬ 
synthesis. 

The relations of organic nitrogen fractions to carbohyJHkes have been 
studied by Wood and Petrie (31) who concluded: “there is no evidence 
that the steady state relations between proteins and amino acids may differ 
according to the carbohydrate concentrations.” 

Differences in various carbohydrates or other tissue contents between 
liigh-N and low-N cultures were greater for the former cultures when calcu¬ 
lated on the basis of total plant weight than per gram of tissue because plant 
weights were greater for the former than latter cultures. For example, 
total sugars per plant were 181.5% and 107.0% gi-eater in the high-N than 
low-N cultures for the nitrate-N and ammonium-N series, respectively (table 
II). Similar values per gram of fresh tissue (mean of all values) were 
58.0% in favor of the high-N cultures for the nitrate-N and 45.8% for the 
ammonium-N series (fig. 6). However, the greater sugar concentrations 
(per gram of tissue) in the high-N than low-N cultures suggest that they 
resulted from a higher chlorophyll content in the former than latter cultures, 
but not from a reduced rate of vegetative growth. 

Starch accumulations differed from sugars in relation to the chlorophyll 
content of the plants and rate of vegetative growth (table II). Between 
high-N and low-N cultures in the nitrate-N series starch differences per plant 
of fresh weight were 200.0% in favor of the former cultures, and in the 
ammonium-N series 65.5%> in favor of the latter cultures; the lower starch 
content of the high-N cultures in this series resulted presumably from chlo¬ 
ride toxicity. Similar differences per gram of fresh tissue (mean of all 
values) were 34.0% in favor of the high-N cultures in the nitrate-N series 
and 132.5% in favor of the low-N cultures in the ammonium-N series (fig. 7). 
Starch accumulations in the nitrate-N series were directly related to the 
chlorophyll content of the cultures, but in the ammonium-N series they were 
apparently influenced more by reduction in vegetative growth than by differ¬ 
ences in the chlorophyll content of the tissues. 

The data suggest that the small and insufficient nitrogen content of the 
iow-N cultures decreased indirectly the sugar levels of the chlorophyllous 
sections by limiting chlorophyll synthesis within the available nitrogen 
supplies. 

Preliminary studies (26) showed that titrable acidity in the chlorophyl¬ 
lous sections of leaves increases during the night or in darkness and de¬ 
creases during the day or in light, and that such acidity associated presuma¬ 
bly with metabolic activity correlated with plant vigor as measured by 
weight. Between high-N and low-N cultures acidity differences in the leaves 
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(in favor of the high-N cultures) were 85.3% for the nitrate-N and 29.3% 
for the ammonium-N series (fig. 4). 

Ascorbic acid differences per organ (leaves) between high-N and low-N 
cultures were 64.5% and 18.2% in favor of the former cultures for the 
nitrate-N and ammonium-N cultures, respectively (table II). However, 
similar differences per gram of tissue (but in favor of the low-N cultures) 
were 43.0% fojMthe nitrate-N and 20.6% for the ammonium-N cultures 
(fig. 5). AltW^h total ascorbic acid per plant weight was greater in the 
high-N than low-N cultures, actual concentrations were lower in the former 
than latter cultures (table II and fig. 5). Such differences cannot be ex¬ 
plained satisfactorily because of our limited knowledge of the physiological 
functions of ascorbic acid in plant metabolism. 

Available information (5, 6, 7, 23, 24) indicates a significant parallelism 
between concentrations of ascorbic acid and of chlorophyll in different 
plants. However, Mirimanoff’s (12, 13) and Neish’s (16,17) studies pre¬ 
sent a different picture of the ascorbic acid and chlorophyll relationships; 
the former claiming a more probable association of ascorbic acid with flavo- 

TABLE III 

Chlorophyll and ascorbic acid content as mg. per gm. op presii tissi e in 

PLUS- AND MINUS-CHLOROPHYLL LEAF SECTIONS AND RATIO OF THE 

same of (variegated) A. bracteatus 


Leaf sections 

Chlorophyll 

Ascorbic acid 

Ascorbic acid/chlorophyll 


mg./gm. 

mg./gm. 


Plus chlorophyll 

0.501 

1.20 

2.40 

Minus chlorophyll 

0.064 

0.54 

8.43 


nols than with chlorophyll, and the latter asserting that determination of 
ascorbic acid in separate chloroplasts did not show much difference between 
that and the leaves as a whole. 

Determinations of ascorbic acid in adjoining leaf sections of variegated 
leaves of Ananas bracteatus show relations of ascorbic acid to chlorophyll 
for the plus- and minus-chlorophyll sections (table III). 

Ratios of ascorbic acid to chlorophyll were greater for the minus- than 
for the plus-chloropliyll sections, suggesting that some other factor in addi¬ 
tion to chlorophyll might have eontributed toward ascorbic acid synthesis, 
or that its utilization under chlorotic conditions might not have been so 
great as under conditions of greater chlorophyll content in the tissues. Also, 
it is possible that ascorbic acid, being very soluble in the sap, may move by 
diffusion from the plus- to the minus-chlorophyll regions of the leaves, 
enriching the latter. Although there is some relationship between ascorbic 
acid and chlorophyll content of tissues, the amounts are not strictly propor¬ 
tional (23, 26). 

Guha and Ghosh (8) associate mannose as the raw material for ascorbic 
acid synfi^esis while Bukatsch (2) and Reid (20) claimed that sugars pro¬ 
duced photosynthetically in leaves are responsible for increasing ascorbic 
acid content of the tissues of these organs. 
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Mean ascorbic acid values in the nitrate-N series were 3.63 mg. for the 
high-N and 5.26 mg. per gram for the low-N cultures, and in the ammo- 
nium-N series, they were 3.35 mg. for the high-N and 4.10 mg. for the low-N 
cultures. Mean chlorophyll values in the nitrate-N series were 0.622 mg. and 
0.123 mg. per gram for the high-N and low-N cultures, respectively, while 
in the ammonium-N series they were 0.614 mg. for the high-N and 0.118 mg. 
for the low-N cultures. Ratios of ascorbic acid to chlorophyll, in the nitrate-N 
series were 5.84 and 42.80 for the high-N and low-N cultures, respectively, 
and in the ammonium-N series, 4.47 for the high-N and 34.75 for the low-N 
cultures Hence, the ratios of ascorbic acid to chlorophyll, indicating greater 
accumulations for the low-N than high-N cultures, may suggest some associ¬ 
ation of nitrogen with ascorbic acid in the metabolism of various nitrogenous 
compounds. Mitchell (14) reported that v. Euler, Karrer, and Zehender 
found ascorbic acid or dehvdroascorbic acid capable of dehydrating leucine 
with the formation of ammonia and strongly reducing volatile substances, 
and Abderhalden observed that in the presence of iron and oxygen, ascorbic 
acid deaminized and deearboxvlated many amino acids. 

Summary 

The carbohydrate economy of A. comosvs was studied in relation to high 
and low levels of nitrogen (140.0 and 2.8 mg. per liter) supplied to nutrient 
solutions either as nitrate or ammonium ions with the following results: 

1. The percentage of dry matter in the chlorophvllous regions of healthy 
leaves was greater for the high-N cultures than for the low-N cultures, but 
in the non-chlorophyllons (basal) and transitional regions, the reverse was 
true. Similar values in the stem were greater for the high-N cultures in 
the nitrate series except in the basal section, but lower for the same cultures 
in the ammonium series. 

2. Chlorophyll concentrations in leaf tissues were considerably greater 
for the high-N than low-N cultures. Carotenoids were also greater for the 
high-X than low-N cultures. 

3. Titrable acidity, reported as citric acid, which by respiratory activ¬ 
ity in the chlorophvllous leaf tissues increased during the night and de¬ 
creased during the day, was greater in the high-N than low-N cultures and 
correlated in general with plant weights. 

4. Ascorbic acid, limited mostly to the chlorophyllous regions of the 
leaves, varied in amounts between young or active and old or mature leaves. 
The amounts of ascorbic acid in the young or active leaves were greater for 
high-X cultures; but in the old or mature leaves they were greater for the 
low-N cultures. 

5. Sugars in the leaves and stem were generally greater for the high-N 
than for the low-N cultures. The gradients of sugar concentrations in¬ 
creased from the transitional to the terminal leaf sections for the high-N 
cultures, hut decreased for the low-N cultures except in the very young 
leaves. 
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6. Starch of the chlorophyllous sections of the leaves and of the stem, 
in the nitrate series, was greater for the high-N than low-N cultures, but in 
the non-chlorophyllous and transitional sections of the leaves, it was greater 
for the low-N cultures. Nearly all leaf and stem sections in the ammonium 
series contained more starch for the low-N than high-N cultures. 

7. The relations of nitrogen to vegetative growth, sugar, starch, and 
organic acid levels .in the tissues of plants were discussed in some detail. 

Pineapple Research Institute 
University op Hawaii 
Honolulu, T. H. 
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The investigation upon which this report is based was made for the pur¬ 
pose of comparing the vitamin content of mature unsprouted soybeans of 
the Bansei variety with that of the same variety of soybeans after different 
periods of sprouting under controlled conditions, by a method suitable for 
yielding an edible product. Since the usual practice in oriental countries 
is to use the hypocotyls and to discard the cotyledons, the relative distribu¬ 
tion of vitamins was ascertained separate]} 7 in these portions of the sprouted 
soybeans after 54 hours of germination—the optimum period from the point 
of view of quantity coupled with organoleptic properties. The study in¬ 
cluded analyses of carotene, thiamin, riboflavin, niacin, and ascorbic acid 
content. 

Sprouting was carried out under controlled conditions, following a 
technique found during preliminary trials to be favorable for edibility. 

Historical review 

Numerous studies have been made during the past three decades on one 
or more aspects of the nutritive value of sprouted soybeans and other 
legumes or grains; few studies, however, have dealt with products which 
have been prepared under conditions conducive to a high degree of edibility, 
and these have not been concerned, except in a few’ cases, w’ith the relative 
merits of the hypocotyls and the cotyledons. 

Earl} 7 investigations in this field were confined chiefly to ascorbic acid 
content, using experimental animals for assessment purposes. Thus, in 
1915, Chick and Delf ( 12 ) demonstrated the antiscorbutic potency of 
germinated peas and lentils, and in 1917 Wiltshire ( 29 ) showed the same 
property in Haricot beans. Embrey ( 15 ) in 1921 and Santos ( 26 ) in 
1922 reported that the vitamin B content of Mung beans increased during 
germination. 

From 1928 to 1940, Miller and Hair ( 23 ) studied the content of several 
vitamins in Mung beans, Bogard and Hughes ( 6 ) the ascorbic acid content 
of oats at different stages of sprouting, Lee and Read ( 19 ) the ascorbic acid 
content of sprouted soybeans in light and in darkness using the analytical 
method of Bessey and King ( 4 ), Lee ( 18 ) the ascorbic acid content of 
sprouted peas including the distribution of this vitamin through the cotyle : 
dons and the hypocotyls, Rose and Phipard ( 25 ) the B vitamins in sprouted 
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peas and Yeh (30) the thiamin content of unsprouted and sprouted Mung 
beans. 

In 1942, Bhagvat and Nabasinga Rao (5) showed an increase in ascorbic 
acid in sprouted Mung beans, reaching a maximum at 30 to 48 hours. Sepa¬ 
rate analyses were performed on the hypocotyls and cotyledons; the latter 
were found to be richer at the early stages of development. 

In 1943, Lugg and Welleb (20), and Beeskow (2) studied the ascorbic 
acid content of sprouted Mung beans and Lane (11) reported on the ribo¬ 
flavin content of black-eyed peas. Increases were reported after certain 
lapses of sprouting time in comparison with the fresh dry bean. 

In papers reported from 1942 to 1945, Burkholder and associates de¬ 
scribed vitamin changes during the sprouting of beans and grains. Thus 
Burkholder and McVeigh (9) published values for thiamin, riboflavin, 
niacin, and biotin on dry and germinated Mung beans, lima beans, soybeans, 
peas, and wheat, although techniques of sprouting compatible with edibility 
were not followed. For soybeans germinated in liquid culture, there was 
usually a loss in vitamins during a preliminary soaking in a solution con¬ 
taining a low concentration of sodium hypochlorite. After four days of 
sprouting in a liquid culture the riboflavin had doubled and the niacin had 
increased one and one-half times in comparison with the initial dry bean; 
thiamin showed little increase. 

Burkholder (7) reported that grains—barley, corn, oats, and wheat— 
apparently synthesized certain of the vitamins during sprouting. 

Burkholder (8) gave the vitamin content of different varieties of soy¬ 
beans. On the basis of micrograms per gram of dry matter, the Bansei 
variety contained 8.4 pg. of thiamiu, 2.4 pg. of riboflavin, and 23 pg. of niacin 
per gram. The ascorbic acid value was found to be 0.21 milligram per gram 
of green raw beans. McVeigh (21), in the same laboratory with Burk¬ 
holder, made studies on various parts of the oat seedling grown in the dark 
for five days, and reported marked increases in riboflavin and niacin, but 
none in thiamin, measured in content per seedling. 

Burkholder and McVeigh (10) studied Canner King peas, the Mung 
bean commonly used in chop suey, and seven varieties of field soybeans. 
On a dry weight basis, riboflavin, niacin, and ascorbic acid increased greatly 
during germination, although thiamin showed little change. 

French et al. (16) reported in 1944 on changes during sprouting in the 
vitamin content of peas, lima and kidney beans, as well as six varieties of 
soybeans. Some signs of germination were observed at the end of 24 hours, 
and, in most cases, sprouts were fully evident in 48 hours. The rates of 
germination and of vitamin formation were observed to be directly corre¬ 
lated with the temperature of the room. 

Germination caused a marked increase in ascorbic acid, a fair increase 
in riboflavin and niacin, and none in thiamin. Average values for six 
varieties of soybeans after 72 hours of sprouting were 13.5, 0.29, 0.46, and 
1.09 milligrams per 100 grams of the moist legume, for ascorbic acid, thia¬ 
min, riboflavin, and niacin, respectively. 
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Methods 

One lot of Bansei soybeans was used throughout the study. In prepara¬ 
tion for sprouting, the soybeans were washed four times with distilled water 
at 20° to 21° C., and then were hand-sorted. Broken fragments as well as 
beans with broken seed coats were discarded. The selected beans were 
soaked for 10 hours in a solution consisting of dilute calcium hypochlorite 
(5.5 grams per 10 liters of distilled water) to prevent mold growth. At the 
close of the soaking period, the soybeans were drained, washed with water 
at about 21° C., and placed in sprouting vessels which were kept in dark¬ 
ness in a constant temperature cabinet at 28° C. throughout the germination 
period. The conditions for sprouting were those found by preliminary 
trials to give a good edible product. Temperatures higher than those of 
the room were suggested by the work of Edwards (14), although his recom¬ 
mendation of 92° to 100°P. was not found to give so good a product as the 
temperatures used. 

Enamel pans about 30 centimeters in diameter with handles on opposite 
sides served as sprouting vessels. The soybeans were placed on a double 
layer of cheesecloth suspended between the two handles. This provided the 
necessary drainage and permitted a layer of about three inches of water to 
be maintained below the cheesecloth to furnish water vapor. A piece of 
cheesecloth moistened with distilled water was placed over the beans, which 
were watered three times daily. Non-viable beans were removed as the 
sprouting progressed. 

Two lots of soybeans were germinated, and analyses on duplicate samples 
were made in each case on the initial dry soybean, on the soybean after the 
10-hour soaking period, and after 24, 48, 54, and 72 hours of germination 
under the conditions mentioned. 

The method of Wall and Kelley (28) as modified by Cotton (13) was 
used in the analysis of carotene. The modification includes immediate im¬ 
mersion and heating of food samples, the provision for the control of alcohol 
concentration in the lower phase during phasic separation according to 
Austin and Shipton (1), and the recycling of the petroleum ether in the 
chromatographic separation. These changes permit better comparisons be¬ 
tween the concentrations of carotene in raw and in processed fruits and 
vegetables. 

Thiamin was determined by the Phycomyces method of Hamner, Stew¬ 
art, and Matrone (17), riboflavin by the microbiological assay method of 
Snell and Strong (27), niacin by the procedure of Melnick, Oser, and 
Siegel (22), and ascorbic acid (reduced and dehydro) by a combination of 
the methods of Bessey (3) and of Morell (24). 

In making individual analyses of the dicotyledons and hypoeotyls, the 
latter were separated carefully by hand. Moisture content was determined 
by drying in a 65° C. constant temperature oven for three days. 
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Results 

The relative sizes of the initial dry and soaked soybeans, together with 
the comparative lengths of the sprouts after the different germination times 
are given (fig. 1). Figure 2 gives the number of soybeans in a 25-gram 
sample, initially, after soaking, and after the various germination periods; 



Tio. 1, A-F. Relative sizes of initial dry soybeans (A), of soybeans after soaking 
(B), and comparative lengths of sprouts after periods of germination of 24 hours (C), 
48 hours (D), 54 hours (E), and 72 hours (F). 


it gives, also, the vitamin content per soybean in the soaked bean, and in the 
sprouted bean after the four specified germination periods. Table I gives 
the vitamin content, calculated on the dry weight basis, of two sets of Bansei 
soybeans, after soaking and after four germination periods. 

On an individual bean basis, there were but slight changes during the 
10-hour soaking period in the content of those vitamins for which tests were 
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made, except for slight losses in thiamin and in reduced ascorbic acid, and 
slight gains in the dehydro form of ascorbic acid. The beans swelled con¬ 
siderably, however, and the number of soybeans per 25-gram sample de¬ 
creased from 136 in the initial dry state to 56 of the soaked product in the 
first series, and from 137.5 to 55.5 in the second. The number of beans per 
25-gram sample was reduced gradually, but only slightly during ger¬ 
mination. 

On the basis of average concentration per soybean, in the first series, 
carotene had almost doubled in 48 germination hours, and it had increased 


TABLE I 

Vitamin content, dry basis, op two sets of Bansei soybeans after soaking 

AND AFTER FOUR GERMINATION PERIODS 


, 

Hours op 

Oarotfne 

Tiiiamin 

Ribo- 

Niacin 

Ascorbic acid 

GERMINATION 

FLAVIN 

Reduced 

Total 

First series 

1 i9-/gm. 

nff/rnn. 

\xt>-/grn. 

\i<l./gin. 

\ig./gm. 

\Lg./gm. 







0* 

1.2 

12.8 

2.1 

27.6 

8.7 

88.3 

24 

1.2 

17.2 

2.8 

34.1 

198.0 

273.6 

48 

2.2 

9.0 

3.0 

50.8 

429.0 

517.0 

54 

3.8 

8.4 * 

4.5 

45.8 

469.4 

627.5 

72 

4.3 

11.0 

5.6 

45.8 

354.9 

626.3 

Second series 







0* 

1.3 

14.0 

2.1 

21.0 

0.0 

108.1 

24 

0.8 

19.7 

1.8 

21.6 

141.6 

199.8 

48 

1.9 

9.7 

2.7 

33.6 

421.6 

582.3 

54 

1.6 

9.5 

4.0 

30.0 

488.6 

599.7 

72 

2.0 

13.4 

, 

5.0 j 

50.5 

557.9 

705.2 


* Soybeans after 10 hours of soaking in distilled water containing 5.5 grams of 
calcium hypochlorite in 10 liters of solution preparatory to soaking. 


2.8-fold in 54 and 3.4-fold in 72 hours. In the second series, carotene in¬ 
creases were much lower; the maximum concentration was reached at 48 
hours, with a 1.4-fohl increase in 48 hours and no further change through 
72 hours. The same trends were shown when the carotene concentrations 
were calculated on a dry weight basis. 

Thiamin showed a slight gain in concentration during the first 24 hours 
of germination, followed by a loss through 54 hours, and a gain which 
brought the concentration close to the original between 54 and 72 hours. 
This trend was shown in both series, whether the calculation was made on 
an average per soybean or a dry matter basis. Further tests for this vita¬ 
min in other germination series showed that a periodic loss was followed by 
a gain in thiamin throughout the germination period of the soybean in¬ 
vestigated. 

Riboflavin showed a 1.9-fold increase in 54 hours of sprouting in the 
first series, calculated on an average per soybean basis, and a 2.5-fold in¬ 
crease in 72 hours (fig. 2). In the second series the increases were 1.8- and' 
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Pio. 2. Comparative number of soybeans in a 25-gram sample initially, after soak¬ 
ing, and after the respeetive germination times, average content per soybean (micrograms) 
of carotene, thiamin, riboflavin, niacin, and ascorbic acid (reduced and total) of the 
soaked bean, and of the bean after 24, 48, 54, and 72 hours of germination in the dark 
under conditions suiWfle for producing an edible product (28° C. in a cabinet providing 
temperature control) % 
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2.1-fold for these respective germination periods. On a dry weight basis, 
the increases were 2.0- and 2.6-fold, and 1.9- and 2.4-fold for the two series 
and the 54-hour and 72-hour times of germination, respectively. 

In both series of tests, the average niacin content per soybean was ap¬ 
proximately doubled in 72 hours of sprouting. In the first series the rate 
of increase was greater for the intermediate times, with a minimum reached 
at 48 hours. In the second the increase was steady through the 72 hours 
of observations. Calculations on a dry weight basis showed the same gen¬ 
eral trends. 

Ascorbic acid content showed the most marked increases during germi¬ 
nation of any of the vitamins studied. In one series the soaked product 
contained an average of 8.7 micrograms of reduced and 88.3 of total (sum 
of reduced and dehydro) ascorbic acid per soybean; in the second series, 
there was no measurable amount of the reduced and 108.1 micrograms of 

TABLE II 

RKLVTIVE DISTRIBUTION OF DIFFERENT VITAMINS IN TIIE HYPOCOTYLS AND 
COTYLEDONS OF SPROUTED SOYBEANS 
(Average micrograms in the designated portion of one soybean 
sprouted 54 hours) 


Vitamin 

First series 

Second series 

Hypocotyl 

Cotyledon 

Hypocotyl 

Cotyledon 

Carotene 

0.13 

0.44 

0.05 

0.19 

Thiamin 

0.28 

0.99 

0.31 

1.16 

Riboflavin 

0.14 

0.55 

0.16 

0.46 

Niacin 

1.27 

5.77 

1.43 

4.27 

Ascorbic acid—Reduced 

15.65 

59.56 

15.57 

60.23 

Ascorbic acid—Total 

20.80 

74.91 

26.11 

66.91 


the dehydro form, average per soybean, in the soaked product before ger¬ 
mination. Increases in both forms were marked after 24 hours; and the 
total had increased 5.9- and 5.4-fold in 48 hours in the two series, 7.1- and 
5.6-fold in 54 hours, and 7.1- and 6.5-fold in 72 hours, for the two respective 
series. The concentration of reduced ascorbic acid fell in one series between 
54 and 72 hours, although the total showed a slight increase during this 
period. 

From the point of view of appearance and edibility, the 54-hour germi¬ 
nation sample was superior to any of the others. 

The distribution of the vitamins between the hypocotyls and the cotyle¬ 
dons of the sprouted soybeans after 54 hours of germination, in terms of 
average micrograms per bean are shown (table II and fig. 3). The cotyle¬ 
dons had almost four times as much carotene, more than three times as much 
thiamin, almost four times as much riboflavin, approximately four times as 
much niacin, and approximately three times as much total ascorbic acid as 
the hypocotyls, on individual soybean basis. The practice therefore of dis¬ 
carding the bean and retaining only the sprout involves a considerable loss 
in the vitamin content of the sprouted bean. 
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Fig. 3. Distribution of vitamins in the liypoeotyl and cotyledon portions of sprouted 
Bansei soybeans after 54 hours of germination. 

Summary 

Assays for carotene, thiamin, riboflavin, niacin, and reduced and dehvdro 
ascorbic acid were made on dry Bansei soybeans, and on the soybeans after 
controlled soaking and germination periods; the latter were 24, 48, 54, and 
72 hours. The soaking and germination treatments were those selected after 
preliminary trials as giving a desirable edible product. Analyses for the 
same vitamins were made on the hypocotyl and cotyledon portions after 54 
hours of germination. 

The quantity of all vitamins studied except thiamin showed increases 
through 54 hours of germination, the period at which the product exhibited 
its optimum organoleptic properties. Thiamin showed alternate increases 
and decreases throughout the germination period investigated. 

In the product of a 54-hour germination period, the cotyledons contained 
notably greater amounts of all vitamins for which tests were made. The 
process of sprouting soybeans, therefore, increases the nutrient value of the 
product. The entire bean should be eaten, since the cotyledons, which fre¬ 
quently are not retained, are a richer source of the vitamins for which tests 
are made than are the hypocotyls. 

Ells* 6. Richards Institute 

The Pennsylvania State College 
Stats College, Pennsylvania 
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EFFECTS OF NITROGEN ON THE NITROGENOUS FRACTIONS 
OF ANANAS COMOSUS (L.) MERR. 1 

C. P. S 11) k k i s, H. Y. Yoi Nfi and H. II. Q. Chun 

(with six figures) 

Received November 9, 1946 

Introduction 

The scope of this study is to investigate the amounts of certain nitrogen¬ 
ous fractions in the tissues of A. comosus grown in solution cultures with 
high or low amounts of nitrogen supplied either as nitrate or ammonium 
salts; two previous papers also concerned with the same plants had as objec¬ 
tives the growth and content of certain nutrient elements (36), chlorophyll, 
and various carbohydrate fractions in the tissues (36). 

Former studies (30, 31, 32) have indicated that the leaves of A. comosus 
grown in substrata containing ammonium were greener, broader and more 
succulent by comparison with those grown in nitrate. Also, the tissues of 
the former contained no nitrate but greater amounts of soluble organic-N 
than the latter. Such morphological and chemical differences serve as 
indexes of nitrogenous nutrition and may be utilized under field conditions 
for the adjustment of the nitrogenous requirements of plants. 

Cultural and chemical methods 

The composition of the culture solutions, employed for the growth of the 
experimental plants for one year, was reported in an earlier paper (36). 
The system employed for the nomenclature of the leaves, the technique for 
the sectioning of the various organs, the preparation of tissues and chemical 
methods for their analysis were reported in previous publications (29, 30). 

Results 

Total nitrogen 

The data in table I, reporting the amounts of total nitrogen or its frac¬ 
tions as grams or as percentage of total nitrogen per plant or organ, show 
that the leaves comprised in the higli-N cultures 85.46% and 91.63% and 
in the low-N cultures 68.80% and 69.14% of total nitrogen in the whole 
plant for the nitrate-N and ammonium-N series, respectively. Percentage 
of leaf weight for the same cultures, in the same table, was lower than per¬ 
centage of nitrogen in the high-N cultures, but in the low-N cultures leaf 
weight percentage was higher than nitrogen percentage, indicating that the 
amount of nitrogen per unit of tissue was greater in the high-N than low-N 
cultures. 

i Published with the approval of the Director as Technical Paper no. 171 of the 
Pineapple Research Institute, University of Hawaii. 
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In the stem the ratio of nitrogen to total plant N was greater in the 
iow-N than in the high-N cultures. Differences in nitrogen percentage of the 
stem between high-N and low-N cultures were greater in the ammonium-N 
than in the nitrate-N series, suggesting concentration effects, because stems 
as percentage of plant weights were also smaller in the latter cultures. In 
the roots nitrogen as percentage of total plant N was greater in the low-N 
than high-N cultures, and percentages of root weights were likewise greater 
in the low-N than high-N cultures, indicating positive coi relation between 
amounts of nitrogen and root weights. 

Total nitrogen values for the entire plant or leaves of the high-N cul¬ 
tures, reported as milligrams per gram of fresh tissue, were greater in the 
ammonium- than nitrate-N series (table II). Similar values for the low-N 
cultures were approximately the same in both series. Comparison of total 
nitrogen values between stem and leaves shows that they were greater for 
the former than latter organs in the low-N, but not in the high-N cultures. 
Total-N values for the roots were greater in the high-N than low-N cultures. 
The much greater total-N values in the ammonium-N than in the nitrate-N 
series indicate a greater rate of absorption of NH** than N0 3 ~, which was 
also found in previous studies (30). 

Soluble nitrogen 

Soluble-N, comprising various compounds of inorganic-N and organic-N, 
was considerably greater for the high-N cultures in the ammonium than 
nitrate series (tables I, II; fig. 1). Differences in soluble-N between 
nitrate-N and ammonium-N series in the low-N cultures were very small 
excepting the stems. The leaves of the high-N cultures contained 17.80% 
and 31.00% of soluble-N for the N0 3 and NH« series, respectively (table I). 
But in the low-N cultures, similar values were 14.30% and 11.34% for the 
nitrate-N and ammonium-N series, respectively. Percentage of soluble-N in 
the stem was greater for the high-N than low-N cultures in the nitrate-N 
series, but in the ammonium-N series the percentage of soluble-N in the stem 
was greater for the low-N than the high-N cultures. In the roots percentage 
of soluble-N was higher in the low-N than high-N cultures. 

Soluble-N gradients for the leaves of the cultures in the nitrate-N series 
had two maximal values, one in the basal (no. 1) section resulting from the 
sum of soluble organic-N and nitrate-N and another one in the terminal (nos. 
4 or 5) sections from soluble organic-N alone (fig. 1). However, similar 
gradients for the high-N cultures in the ammonium-N series had only one 
maximal value in the terminal (nos. 4 or 5) sections, except in basal (no. 1) 
sections of the young (E) leaves, which resulted from soluble organic-N 
accumulations. But gradients for the low-N cultures in the ammonium-N 
series behaved irregularly, possibly because of the low nitrogen supply which 
limited accumulations of soluble organic-N. 

Nitrate-N 

Nitrate-N was found only in the high-N cultures of the nitrate-N series 
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Fig. 1. Milligrams of solublc-N per gram of fresh tissue in different plant sections of one year old A, como&us grown in solution 
cultures with 140.0 or 2.8 mg. of N per liter supplied as NO s or NH*. 
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(fig. 2). The low-N cultures in the same series lacked in nitrate because 
of the small external supply. Of course the cultures in the ammonium-N 
series were completely devoid of nitrate, which is in agreement with previous 
findings ( 30 , 33 , 34 ). 

Nitrate gradients generally decreased from the basal (no. 1) to the ter¬ 
minal (nos. 4 or 5) leaf sections because of rapid reduction and assimilation 

— ■. 140 0 mg NITROGEN res LITER or SOL UT/ON 



Fig. 2. Milligrams of nitr&te-N per gram of fresh tissue in different plant sections 
of one-year-old A. comosus grown in solution cultures with 140.0 or 2.8 mg. of N per 
liter supplied as NO 0 or NH 4 . 

of NO s in the chlorophyllous tissues. Similar gradients in the stem gen¬ 
erally had maximal values in the medial and may have occasionally in the 
apical sections.. Unpublished data indicate that nitrate accumulations in 
the non-chlorophyllous tissues may attain, but seldom surpass, concentra¬ 
tions as Jgigh as 1.5 mg. per gram of fresh tissue, presumably because the 
rate of nitrate absorption is dependent on the amount of available utilizable 
energy at the absorbing regions of the root. Such regions in A. comosus 
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beginning approximately 0.5 cm. from the root tip proper and extending 
from 1 to 10 cm. towards the base are characterized by whitish, succulent, 
non-lignified tissues with or without root hairs. Also, other unpublished 
data have indicated that nitrate concentrations in the non-chlorophyllous 
leaf regions may depend on the ratios of plant volume to the surface of 
absorbing root regions. 

Amide-N 

In agreement with previous studies (30), amide nitrogen in the tissues 
of the high-N cultures, was greater in the ammonium-N than nitrate-N series 
(fig. 3). In the low-N cultures only slight and insignificant differences in 
amide-N were observed between series. The basal sections of the young (E) 
leaves and the apical of the stem composed mostly of meristematic tissues 
contained considerable amounts of amide-N. 

The results might suggest direct synthesis of amide-N from oxalacetic 
acid or a-ketoglutaric acid and ammonia in the ammonium series (5, 8) but 
in the nitrate-N series similar synthesis may be doubted. Some amide-N in 
the ammonium-N and probably all in the nitrate-N series may have resulted 
from protein breakdown. Lack of knowledge of any mechanism associated 
with the reduction and assimilation of nitrate renders any intelligent expla¬ 
nation of amide synthesis from nitrates impossible. 

Mono-amino-N 

Mono-amino-N for the high-N cultures was greater in the ammoniuin-N 
than nitrate-N series (fig. 4). The differences in mono-amino-N for the 
low-N cultures between series were small. The gradient of mono-amino-N 
in the basal sections of the young (E) leaves was reversed with respect to 
other leaves. The greater mono-amino-N content of the high-N cultures in 
the ammonium-N than nitrate-N series was presumably associated with a 
much greater intake by plants of NH 4 + than NO.f, which is in agreement 
•with previous findings (30). Mono-amino-N gradients in the leaves in¬ 
creased from the basal (no. 1) to the terminal (nos. 4 or 5) sections except 
in the young (E) leaves where the content of the basal (no. 1) was greater 
than of the transitional (no. 2) sections. Similar gradients in the stem 
increased from the basal to the apical sections. 

Basic-N 

Basie-N in the tissues of the high-N cultures was greater in the am¬ 
monium-N than nitrate-N series (fig. 5). Similar values for the low-N cul¬ 
tures were slightly greater for some sections in the nitrate-N than am¬ 
monium-N series. 

Gradients of basic-N in the leaves of the high-N cultures increased from 
the basal (no. 1) to the terminal <(no. 5) sections and in the stem from the 
basal to the apieal sections except the medial in the nitrate-N series. Basic-N 
levels in high-N cultures being greater for the ammonium-N than 
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Fig. 5. Milligrams of basic-N per gram of fresh tissue in different plant sections of one-year-old A . comosus grown in solution 
cultures with 140.0 or 2.8 mg. of N per liter supplied as NO. or NH 
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Fig. 6. Milligrams of protein- N per gram of fresh tissue iu different plant sections of one-year-old A. comosus grow: 
solution cultures with 140.0 or 2.8 mg. of N per liter supplied as NO- or NH ( . 
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nitrate-N series cannot be attributed to direct synthesis from ammonium with 
some carboxylic acids and might have resulted from protein breakdown be¬ 
cause experimental evidence on basic amino acid synthesis is lacking; but 
according to Mothes (17), and Klein and Taubock (12), the content of 
free base in the sap may depend on the rate of reutilization for protein 
synthesis. 

Protein-N 

Protein-N for the high-N cultures was greater in the ammonium than 
nitrate-N series (fig. 6). Similar values for the low-N cultures, however, 
showed slight differences between series, presumably because of limited ex¬ 
ternal nitrogen supplies. Protein-N accumulated mostly in the chlorophyl- 
lous tissues and correlated with the amounts of chlorophyll; the non-chloro- 
phyllous tissues of the leaves or stem containing smaller amounts than the 
chlorophyllous tissues. 

Differences in the protein-N content of the high-N cultures between 
series, in favor of the ammonium-N series, were approximately 31.0% for 
the combined mature (C) and active (D) leaves and 18.0% for the young 
(B) leaves. Such differences indicate that protein-N in leaves may vary 
depending on the chlorophyll content of the tissues, amounts and kind of 
inorganic-N supplied to the roots and rate of absorption and assimilation of 
same. Protein-N gradients in the leaves of the high-N cultures increased 
from the basal (no. 1) in the ammonium-N series or from the transitional 
(no. 2) in the nitrate-N series to the terminal (no. 5) sections. Tn the stem 
gradients increasing from the basal to the apical sections were observed in 
the ammonium-N series. 

Discussion 

McKee (16), Nightingale (20, 21), Chibnall (8), Petrie (25) and 
Wood (45) have reviewed the various phases of nitrogen metabolism in green 
plants. Studies by the authors (30, 33, 34) showed that NH 4 + is assimilated 
by the root tissues of A. comosus almost as soon as it is absorbed and con¬ 
verted to amide-N, amino-N and protein-N, whereas N0 3 ' is translocated 
from the roots to the non-chlorophyllous regions of the leaves in the original 
state and assimilated in the chlorophyllous regions. Vickery et al. (40) 
employing N 1B in ammonium salts as a tracer, and in other experiments (41) 
found that tobacco plants also assimilated NHp in a similar manner as A. 
comosus. Burstrom (6, 7) presented evidence that stored nitrate in the 
leaves of wheat plant* is assimilated only in light and that with increasing 
light intensity there'is an increase in the assimilation of nitrate, apparent 
assimilation of CO^lind formation of sugar; whereas, in darkness, nitrate 
accumulated within the leaves is not assimilated and sugar is oxidized to 
C0 2 , which is quantitatively given off as respiration C0 2 . The same author 
( 6 ) suggested* that a different mechanism operates for the assimilation of 
nitrates roots. Also the experiments of Blackman and Templeman (2) 
suggested that light is necessary for nitrate assimilation. However, nitrate 
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assimilation in light according to Nightingale , and Sohebmerhorn (19) 
may be characteristic of certain species of plants but in others nitrate re¬ 
duction may be effected in darkness and in light mainly by the fine rootlets. 
Energy utilization, possibly derived from carbohydrates, is prerequisite for 
the absorption of nitrate and other anions from substrata, according to 
Lundegardh (14), Gilbert and Shive (9), and Hamner (11). 

Experimental evidence for the conversion mechanism of NH« + to amide-N 
and amino-N has been obtained (5) but not for NO.f. Schulze (28) ex¬ 
pressed the opinion that amides arise by the reaction of ammonia, derived 
from amino acids of seed proteins, with nitrogen-free substances, while Vick¬ 
ery ct al. (42) believe that the precursors most probable for amino acids 
are the corresponding a-keto acids. Chibnall (8) suggested the citric acid 
cycle of Krebs and Johnson (13) providing a chemical mechanism for the 
formation of oxalaeetic or a-ketoglutaric acids which may react with am¬ 
monia to form by enzymic activity aspartic, or glutamic acids or their re¬ 
spective amides, asparagine or glutamine. Braunstein and Kritzmann (5) 
demonstrated that amino nitrogen may be transferred to keto acids by trans¬ 
amination and Albaum and Cohen (1) showed that transamination between 
glutamic and oxalaeetic acid occurs in oat seedlings. Mothes (18) claimed 
amino acids may be formed enzymically in tissues either by combination of 
ammonia with carboxylic acids or by protein hydrolysis. Borsook and 
Huffman (4) effected synthesis of aspartic acid from fumaric acid and 
ammonia, and of alanine from pyruvic acid and ammonia. Virtanen and 
Laine (43) claimed that aspartic acid is the first amino acid formed in plants 
from which other amino acids may be produced by transference of the amino 
group to a-keto acids, but acid amides, e.g., glutamine or asparagine, cannot 
take part in transamination directly except after the splitting of the acid 
amide group. Raijtanen (26), having studied transamination in green 
plants, claimed that in systems in which ]-glutamic acid or a-ketoglutaric 
acid acted as the dicarboxylic acid component than 1-aspartic acid or 
oxalaeetic acid, transamination was quicker. Also, because of the formation 
of alanine and certain aliphatic amino acids through transamination in 
plants, 1 (-) aspartic acid pyruvic acid ;=± Oxalaeetic acid + 1 (+) alanine, 
he suggests that most amino acids can be regarded as derivatives of alanine. 

Protein metabolism, in animals in nitrogen equilibrium, is, according to 
Borsook and Keighley (3), a process of continual breakdown of intracel¬ 
lular protein even when abundant quantities of amino acids are obtained 
from the diet, and as a consequence a corresponding quantity of amino acids 
is synthesized into tissue proteins and peptides. The literature pertaining 
to protein metabolism in plants indicates that a mechanism may be operating 
. for the protein-N soluble organic-N reaction somewhat similar to that in 
animals as postulated by Borsook and Keighley (3) or Schoenheimer 
et al. (27). 

The data in table III indicating ratios of protein-N to soluble organic-N 
for the liigh-N and low-N cultures in the nitrate-N series suggest that there 



TABLE III 

Mean values* of total organic -N, protein-2? and soluble organic*N as milligram weight of entire sections and ratios of pbotein-N (P. N.) to sol¬ 
uble, organic-N (S* O. N.) for the combined sections as indicated of A . comosus GROWN IN SOLUTION cultures with 140.0 (high-N) or 2.8 
- ‘ (LOW-N) MILLIGRAMS OF NITROGEN PER LITER SUPPLIED EITHER AS NO,r OR NH 4 + 
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TABLE IV 

Percentage op protein-N and soluble organic N as total organic-N in the combined sections, reported in table iii, of one-year-old 
A. comosus GROWN IN SOLUTION CULTURES WITH 140.0 (iiigh-N; OR 2.8 (low-N) milligrams of nitrogen per liter 

SUPPLIED EITHER \s XO - OR NH/ 
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is possibly a continuous breakdown of proteins to amino acids or conver¬ 
sion of the latter to the former. If we assume that the ultimate fate of 
nitrogen in plant metabolism is protein synthesis and that the reaction, 
soluble organic-N —» protein-N is irreversible, then the presence of any 
soluble organic nitrogen fraction in substantial amounts in the tissues should 
constitute an anomaly except in cultures supplied with great amounts of 
inorganic nitrogen and operating under conditions retarding the conversion 
of soluble organic-N to protein-N. Even the tissues of the low-N cultures, 
grown under conditions of partial nitrogen starvation, contained appreciable 
amounts of soluble organic nitrogen (table III) which, calculated as per¬ 
centage of total organic nitrogen (table IV), was almost as high as that of 
the high-N cultures. The ratios of protein-N to soluble organic-N in the 

TABLE V 

Correlation coefficients (r) and significance (<) at 5% levels of protein N 
to various fractions of soluble organic-N in the tissues of differfnt leaf 
sections of one-vear-old Ananas comosus grown in solution culti res 
with 140.0 (high-N) or 2.8 (low-N) milligrams of nitrogen i*fr 

LITER OF SOLUTION SUPPLIED AS NITRATE OR AMMONIl M SALTS 
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•Number of samples, 11, because of omission of basal sections; all other samples 
were 18. 


chlorophyllous sections (nos. 3, 4, 5) of the high-N cultures were smaller in 
the ammonium-N than in the nitrate-N series because of much greater 
accumulations of soluble organic-N in the former series presumably result¬ 
ing either from direct synthesis by combination of ammonia with carboxylic 
acids or from interference in the rate of conversion of soluble organic-N to 
protein-N by the toxic effects of high Cl' concentrations (350 mg. per liter 
of nutrient solution). 

In general protein-N as percentage of total organic-N in the proximal 
(nos. 1-2) sections was greater in the low-N than in the high-N cultures 
(table IV), presumably either because of a lower rate of protein hydrolysis 
in the former than latter cultures or because the rate of synthesis of soluble 
organic-N is dependent on the external supplies of inorganic nitrogen. Per¬ 
centage of p3|totein-N or soluble organic-N in the chlorophyllous sections 
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of the young (E) leaves varied slightly between different cultures because 
the tissues were chronologically young and insufficient time had elapsed 
for the accumulation of soluble organic-N. 

The greater values of the ratios of protein-N to soluble organic-N.(table 
III), in the chloropbyllous sections (nos. 3, 4, 5) than in the non-chloro- 
phyllous or partly chlorophyllous sections (no. 1, 2) should be attributed to 
the greater chlorophyll content of the former sections, which was found to 
correlate with the protein content of the tissues. Total nitrogen in the 
tissues increased in general with greater amounts of inorganic nitrogen in 
the nutrient solutions and vice versa (figs. 1-6). 

Protein-N correlated directly with most fractions of soluble organic-N in 
the tissues (table V). The data indicate that correlation between protein-N 
and amide-N was lacking in all cultures. However, correlation between 
protein and mono-amino-N or basic-N was highly significant for the high-N 
cultures. Similar correlation was found in the low-N cultures except for 
mono-amino-N and basic-N in the nitrate-N and ammonium-N series, re¬ 
spectively. Moreover, in order to obtain definite correlation for mono- 
amino-N in the nitrate series it was necessary to exclude the non-chloro- 
phyllous (no. 1) and partly chlorophyllous or transitional (no. 2) sections 
because the content of mono-amino-N in relation to protein-N was too high. 
It is assumed that a portion of this mono-amino-N was translocated to the 
proximal (nos. 1 and 2) sections of the leaves from the distal chlorophyllous 
(nos. 3, 4, 5) sections where it was derived by reduction and subsequent 
assimilation from nitrate-N. A similar condition did not obtain for the cul¬ 
tures in the ammonium series possibly because ammonium ions were assimi¬ 
lated by the root tissues as soon as they were absorbed and then translocated 
as fractions of soluble organic nitrogen. Therefore, correlation of protein-N 
to mono-amino-N and basic-N might indicate a continuous process of protein 
breakdown to mono-amino-N and basic-N and synthesis of the former by the 
reverse process. 

Wood and Petrie ( 43 ) also found that definite relations existed between 
synthesis of protein in plant tissues and content of amino acids, ammonia 
and water. However, the rate of protein formation in tissues may be re¬ 
tarded by a decreased rate of synthesis of cystine, according to Petrie and 
Wood ( 23 , 24 ) or of methionine, according to Lugg and Weller ( 15 ). In 
order to explain the regulation of protein decomposition and synthesis in 
plants Paech ( 22 ) formulated the “mass action” hypothesis which postu¬ 
lates that a single mass law reaction exists between proteins, on the one hand, 
and a carbohydrate and ammonia, on the other. A somewhat similar view 
is shared by Gregory ( 10 ) who stated that if protein synthesis were the 
reverse of proteolysis, the direction of the reaction would be determined by 
mass action and the velocities of the reactions concerned. Variation in 
velocity of the reactions concerned would lead to accumulation; thus, if the 
synthetic route to protein were rapid, protein would tend to accumulate, 
and by mass action increase the breakdown to amino acid. If these amino 
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acids, before being again used in protein synthesis, were deaminated, and 
if this particular reaction were the slowest in the cycle, then amino acids 
would accumulate. However, the great complexity of factors already 
known (16,25) to be associated with protein synthesis or breakdown weakens 
Pabch’s hypothesis with respect to the effects of mass law action. 

The direction and velocity of the reaction soluble organic-N 5* protein-N 
for different plant sections (tables III and IV), which apparently were 
different for the chlorophyllous than non-chlorophyllous sections of the 
leaves, were probably affected by factors associated with the physiological 
functions of the tissues concerned in a somewhat similar manner as claimed 
by Schoenheimer et al. (27) for animal tissues; the authors observed by 
means of N 15 , employed as a tracer, that all the proteins of the body are con¬ 
tinually undergoing synthesis and breakdown, the process being more rapid 
in some organs as the liver and kidneys than in others, as the erythrocytes. 
In the chlorophyllous sections (nos. 3-5) where considerable protein is a con¬ 
stituent of the chloroplastic stroma, protein-N values were generally greater 
than in sections 1 and 2, the former lacking in and the latter containing small 
amounts of chlorophyll. Protein amounts in the chlorophyllous sections did 
not vary as much for similar cultures between different series as did soluble 
organic-N. These results suggest that the amounts of soluble organic-N, 
attributable to protein breakdown, may be in the range of the ratios of 
protein-N to soluble organic-N, indicated in table III, for the low-N culture* 
because the greater soluble organic-N content of the high-N cultures might 
possibly contain small portions synthesized directly from ammonia and keto 
acids and not derived from protein breakdown. 

The smaller ratios of protein-N to soluble organic-N for the non-chloro¬ 
phyllous or partly chlorophyllous sections (nos. 1 and 2) than for the chloro¬ 
phyllous (nos. 3-5) may be attributed to differences in physiological func¬ 
tions. The former composed of meristematic tissues are concerned with 
growth processes, and the latter, concerned with photosynthesis, require 
greater amounts of protein for the proteinaceous stroma of the chloroplasts. 
Another possibility for the lower ratios of protein-N to soluble organic-N in 
the non-chlorophyllous than chlorophyllous sections may be the greater 
growth activity of the former which, dependent on cell division, would tend 
to divide the protein content whereas in the chlorophyllous mature tissues 
the protein content of the cells would increase by successive depositions. 

The association of lower ratio values of protein-N to soluble organic-N 
with tissues undergoing growth activity is in agreement with the findings 
of Tratjb (39) and Thomas (38) who observed that apple twigs, during the 
plant’s most active period of growth, contained higher amounts of amino-N 
but lower amounts of protein-N and total carbohydrates. Therefore, factors 
which admittedly affect the velocity of the reaction soluble organic-N pro¬ 
tein-N are: (a) stage of plant growth, (b) amounts and kinds of inorganic 
nitrogen absorbed by roots, (c) -conditions affecting carbohydrate synthesis, 
(d) water and concentrations of essential and accessory nutrient elements, 
and (e) oxygen tension (37). 
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Summary 

The effects of high vs. low nitrogen (140.0 vs. 2.8 mg. per liter of nutrient 
solution) supplied either as N0 3 ~ or NH 4 + caused changes in the amounts 
of the various nitrogenous fractions of the tissues of one-year-old A. comosus. 
The plants of the high-N cultures absorbed approximately five times more 
nitrogen than of the low-N cultures, although the nitrogen content of the 
nutrient solutions was fifty times greater for the former than latter cultures. 

Total-N and protein-N were from three to four times, and soluble-N was 
from four to eight times greater in the high-N than low-N cultures. Soluble 
organic-N was higher in the chlorophyllous than non-chlorophyllous regions 
of the leaves. Soluble organic-N fractions such as amide, mono-amino and 
basic were higher in the ammonium than nitrate series. Leaf protein-N was 
higher in the terminal chlorophyllous than in the basal non-chlorophyllous 
regions of the leaves. 

Protein-N correlated with few exceptions to mono-amino-N and basic-N. 
The results suggest a continuous formation of amino nitrogen from proteins 
undergoing normal hydrolysis in the cell or synthesis of proteins by con¬ 
densation of amino acids in cultures supplied with either adequate or sub- 
adequate supplies of inorganic nitrogen. Excessive supplies of inorganic 
nitrogen either as NH 4 + or NO.f may cause accumulations of soluble or- 
ganie-N fractions produced by enzymatic synthesis from ammonia with 
carboxylic acids and similar to those presumably released from protein 
breakdown. 
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Seed analysts have long been interested in methods of measuring the ger- 
minability of seeds without the necessity of a routine germination test, par¬ 
ticularly when dealing with dormant seeds or with seeds requiring a long 
period for the completion of a test. Even with seeds that can be tested in a 
week or 10 days it is often desirable to know within a day the general con¬ 
dition of a seed lot. This is especially important in the fall season when it 
is necessary to know whether or not an early killing frost has caused damage 
to the seed crop of corn, sorghum, and soybeans. 

For dormant seeds, especially the peach, apple, pine, Douglas fir, plum, 
hawthorn, European mountain ash, witch hazel, and Rhodotypos kerrioides, 
normally requiring a long period of after-ripening, it has been shown by 
Barton (1), Flemion (6, 7, 8, 9) and others that by excising the embryos 
and placing them on moist filter paper in Petri dishes at room temperature 
it is possible to determine their vitality within a period of 5 to 10 days. 
Crocker and Harrington (2), Davis (3), and Leggatt (13) have published 
data indicating that the determination of the catalase ratio of dry and germi¬ 
nating seeds may serve as a measure of seed viability. Mar (14) has shown 
that the amylase activity of soaked oat seed is definitely correlated with ger- 
minability. Lakon (10) and others (4, 5, 15) have published data on the 
use of selenium and tellurium salts in solution as a means of determining 
the viability of a given seed lot by color reaction of the embryo. Lakon 
(11, 12) in 1942 compared his results by regular germination test of seeds 
of oats, barley, wheat, rye, and corn with those obtained by placing the cut 
seeds in a solution of 2,3-diphenyl-5-methyl-tetrazoliumchloride or 2,3,5-tri- 
plienyl-tetrazoliumchloride. The resultant staining of the viable embryos 
correlated well with his germination results. 

Tetrazoliumehloride is colorless but forms carmine red formazans upon 
reduction. The salt is thus an oxidation-reduction indicator, and the de¬ 
velopment of the non-diffusible red color in a specific tissue is presumably 
an indication of the presence of active respiratory processes in which hydro¬ 
gen radicals are transferred to the tetrazoliumchloride. 

In 1945 a supply of 2,3,5-triphenyl-tetrazoliumchloride was obtained by 
officers of the Chemical Warfare Service in Germany, and Dr. Georg Lakon 
provided information about the testing program developed by him in which 
this material was used. Copies of publications, unobtainable in the past, 
i Journal Paper no. J-1384 of the Iowa Agricultural Experiment Station, Ames, 
Iowa. Project no. 86. 
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were received. With the assistance of the junior authors a series of tests 
was undertaken with seeds of corn (Zea mays), barley, (Hordeum vulgare), 
oats (Avena sativa), wheat ( Triticum aestivum), buckwheat, ( Fagopyron 
csculentum), cotton (Gossypium herbaceum), pea ( Pisum sativum), rice 
(Oryeasativa) , sorgo ( Holcus sorghum), soybeans (Soya max), vetch (Vida 
sativa), and Bahia grass (Raspalum notatum). 

Procedure 

The use of the tetrazoliumchloride test for corn, barley, oats, rye, and 
wheat as described by Lakon (11,12) consisted of soaking seeds to be tested 
in water for several hours to permit absorption of water and initiation of 
germination processes. Following the soaking period each seed was bisected 
longitudinally through the center of the embryo so that each half had a 
part of the plumule and the radicle. One half of each seed was then placed 
in a Petri dish and a 1% solution of tetrazoliumchloride poured over the 
cut seeds until they were completely immersed. The dish was kept for 2 to 
10 hours in a dark cabinet at room temperature. At the end of the immer¬ 
sion period each half seed was examined to determine the degree to which the 
parts of the embryo were stained carmine red. Lakon (11) stated distinct 
staining of the vital parts of the embryo was evidence of ability to produce 
a normal seedling. For cereal seeds he concluded that if both the embryo 
and the scutellum stained carmine red, the seed would be strongly viable. 
His criterion for seeds of corn (12) was unusual, for he did not consider 
the primary root in corn absolutely essential to the production of a normal 
seedling, especially if secondary roots were produced. His view coincides 
with that of Porter (16) and also with a report of the Committee on Stand¬ 
ardized Tests of the Association of Official Seed Analysts (17). Lakon (12) 
observed that in the region commonly referred to as mesocotyl, buds were 
produced on the sides of the region between the plumule and radicle and 
that in viable seeds these structures stained carmine red, developing into 
secondary roots. He concluded, therefore, that viable seeds of corn were 
those which have stained: (1) the entire embryo and scutellum, (2) all parts 
of the embryo and scutellum including the lateral buds in the mesocotyl 
region, but not the radicle, or (3) the entire embryo, but not the scutellum; 
he doubted that all seeds of this group were included among the normal 
seedlings. In general, it was his belief that a seed possessed stronger vital¬ 
ity if the scutellum stained. 

Lakon’s procedure was followed with the exception that the concentra¬ 
tions of the solution used were \%, 1%, and 2% for two kinds of seed, and 
the length of tim,e for presoaking and immersion in the tetrazolium salt 
solution was varied for some kinds of seed. 

Seed samples used were tested in the Iowa State College Seed Laboratory. 
In all oases a germination test was made by approved methods to compare 
with tb$ color-test. 

T&$b paper imports the results obtained with the use of tetrazoliumchlo- 
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ride as a staining solution of the embryos of viable seeds in which germina¬ 
tion processes have been initiated. 

Results 

Corn 

For the initial studies with corn a sample with a known germinability 
of 98% under favorable conditions was selected. Seeds were soaked in 
water at room temperature from 5:00 p.m. to 8:00 a.m. the following day. 
Two hundred of the soaked seeds were then cut longitudinally through a 
median line perpendicular to the embryo side. Care was taken to split the 
plumule and radicle. One half of each kernel was saved and the entire 
set of 200 halves covered with a 1% solution of the tetrazoliumchloride. 
The Petri-dish container was immediately placed in a dark cabinet at room 
temperature. At the end of 15 minutes a faint pink coloration was notice¬ 
able in the embryo region of many seeds. At the end of 2 hours the entire 
number was examined and 99% showed bright carmine red, not only in 
the embryo including the plumule and radicle, but also in the scutellar 
region. The following day 400 more seeds of the same lot were soaked over¬ 
night and dipped in boiling water for 5 minutes. Two hundred were then 
sectioned, covered with the tetrazolium solution, and kept for 8 hours in the 
dark. No embryos changed color. The remaining 200 seeds were planted 
in sand, and none germinated. This preliminary test indicated that the 
tetrazolium solution was capable of differentiating at least between seeds 
that were nearly 100% germinable and those that were 100% non-viable. 
Several additional lots of seed corn produced in 1945 were tested with the 
same solution with results as shown (table I). At the same time a i% 
solution was used on one lot as well as a 1% solution. There was no notice¬ 
able difference in the results obtained. 

TABLE I 

Comparative determination of seed corn viability by approved methods of 

GERMINATION AND BY STAINING REACTION WITH 1% SOLUTION OF 
TETRAZOLIUMCHLORIDE 


Staining 


Viability in sand 


Samplf no. 


5 

22 

23 

39 

40 

1036 

1072 

1127 

1169 

1223 

1228 

1253 

1298 


No. of seeds 


200 

200 

200 

200 

200 

400 

400 

400 

400 

400 

400 

400 

400 


Coloration 


% 

90.0 

90.0 

86.5 

22.5 
9.0 

75.0 

86.2 

99.0 

85.0 

99.2 

97.5 

75.8 

90.8 


No. OF SEEDS 


200 

?00 

200 

200 

200 

400 

400 

400 

400 

400 

400 

400 

400 


Germination 


% 

90.0 

89.5 

90.5 

23.5 
7.0 

70.0 

82.0 

98.0 

81.0 

99.0 

90.0 

69.0 

90.0 
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Small grains, sorghum, buckwheat, and legumes 

Samples of barley, oats, wheat, sorgo, buckwheat, popcorn, peas, soy¬ 
beans, and vetch were tested with tetrazolium solution in much the same 
manner as described for corn. The soaking period, both in water and in 
the solution, was varied. The seeds of small grain, sorgo, popcorn, and 
buckwheat were cut medianly through the long axis of the embryo. The 
seeds of pea, soybean, and vetch were cut between the cotyledons, bisecting 
the radicle longitudinally. The data (fig. 1) show that for 3 lots of barley, 
2 lots of oats, wheat, buckwheat, soybean, and popcorn there was a close 
relationship between the percentage of stained embryos and of normal 
sprouts produced in the ordinary laboratory germination test in sand (table 

II). 

The tests with sorgo indicated that the color reaction might not be 
entirely reliable for the seeds of this plant; however, more tests are necessary 
before proof can be established. Sorgo seed would probably respond in a 
manner similar to that of corn and cereals. A careful study of the degree 
of coloration of the embryo, as well as time of soaking in the solution, may 
result in a refinement of the method. 

Seeds of legumes require different treatment than those of grasses. For 
example, a long period of soaking in the chloride solution results in a coating 
of reddish stain over the entire flat surface of each cotyledon, and the stain 
must be rubbed off before the radicle can be examined. Furthermore, there 
is no indication as to the condition of the epicotyl in peas and vetch seed 
or of the plumule in soybean seed, primarily because it is difficult to split 
the plumule or epicotyl longitudinally in the sectioning process. To deter¬ 
mine by this method which bean seeds would produce “baldhead” seedlings 
is practically impossible. The primary root emerges early in the germina¬ 
tion of legume seeds and before the epicotyl or plumule shows much growth. 
This condition may prevent any practical use of the staining method as a 
means of determining the germinability of such seeds. Further investiga¬ 
tions are needed before conclusions can be drawn. 

PIG. 1. Longitudinal sections of seeds showing area (heavy black or shaded por¬ 
tions) that stained carmine red when soaked in a i% solution of 2,3,5-triphenyl-tetrazo- 
liumchloride: a, procambial strand; b, coleoptile; c, adventitious root; <1, primary root; 
'e, plumule. Figure 1, 20 x; figure 0, 12 x; others, 6 x. 

1, 2, 4, 5, 6. Sections of Bahia grass, barley, oat, rice, and wheat seeds. Only 
those which showed the entire embryo and scutellum with carmine red stain were con¬ 
sidered viable. 

3. Corn kernel—seeds which stained carmine red in the scutellum and plumule regions 
down to and including the lateral root buds were considered viable. The stain was usu¬ 
ally present throughout the scutellum and embryo. 

7. Pea cotyledon—a section cut between the cotyledons and through the radicle. 
Those with a carmine red radicle wei;e considered viable although no evaluation of the 
condition of the epicotyl could be. made. 

8. Soybean cotyledon—a section cut between the cotyledons and through the radicle. 
Those witS* a carmine red radicle were considered viable, although no evaluation of the 
condition of the plumule could be made. 
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Bahia grass 

Determination of viability in seeds of Bahia grass is one of the most 
difficult problems in seed technology. Recommended procedures are to 
dehull the fresh fruit seed, to scrape lightly with a scalpel, and moisten 
with 0.1% potassium nitrate solution. These procedures are not entirely 
satisfactory as dehulling is a very tedious process and nitrate solution 
usually results in an abundance of fungous growth around each seed, mak¬ 
ing evaluation of sprouting very difficult. 

TABLE II 

Comparative determination of seed viability by laboratory germination and by 

STAINING REACTION WITH 1% SOLUTION OF TETRAZOLIUMCHLORIDE 


Sample 

Staining test 

Laboratory 

germination 

NO. SEEDS 

Colored 

1 

Staining time 

No. op 
seeds 

Normal 

SPROUTS 




% 

hrs. 

! w in. 


% 

Barley 

1A* 

200 

90.0 

5 


200 

93.0 

j i ' 

lAt 

200 

63.0 

5 


200 

80.5 

j j 

27C* 

200 

75.0 

5 


200 

74.0 

9 9 

27Ct 

200 

61.0 

5 

1 

200 

60.5 

Buckwheat 

1 

200 

98.5 

4 


200 

95.0 

Oats 

36 

179 

83.2 

2 


200 

94.5 

9 9 

38 

200 

75.0 

o 


200 

89.5 

9 9 

Marion 

200 

94.0 

1 


400 

98.0 

9 9 

Tama 

200 

47.0 

1 


400 

50.0 

Peas 

55101 

194 

90.2 


20 

200 

81.5 

9 9 

55105 

192 

91.6 


20 

200 

78.5 

9 9 

55106 

197 

90.3 


20 

200 

85.0 

Popcorn 

43610 

200 

32.0 

2 


200 

27.5 

Wheat 

61 

200 

84.0 

5 


200 

85.0 

9 9 

120 

190 

73.6 

5 


200 

71.5 

Soybean 

1 

200 

100.0 


30 

200 

96.0 

Sorgo 

9466 

200 

93.5 

2 


200 

76.0 (80) t 

9 9 

9467 

200 

75.5 

2 


200 

49.0 (68) t 

9 9 

49545 

200 

69.5 

2 


200 

45.0 (51) t 

Vetch 

1 

200 

58.0 


15 

200 

75.5 


* New crop, 
t Old seed. 

I Seed treated with Arasan. 


Two types of tests using tetrazoliumchloride solution were undertaken. 
The first consisted of soaking the seeds from a pure seed, fraction in water 
at 20° to 35° C. for 1 to 7 days. At the end of each day 3 lots of 50 seeds 
each were removed, sectioned, and soaked in 1%, and 2% solutions of 
tetrazoliumchloride. The results showed that a 2% solution was too strong, 
that there whs little difference between the results obtained with a \% or 
a 1% solution, apd that after 3 days of soaking the percentage of colored 
embryos declined. The declining of the colored embryos suggests that seeds 
of BaftiA grass, if soaked several days, begin to lose vitality. Such a re¬ 
sponse fi not unexpected, because many seeds will not germinate in water. 
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The seeds absorb water and germination is initiated, but, if kept too long, 
decomposition occurs. 

The second type of test with Bahia grass consisted of soaking the seeds 
16 hours in distilled water at 20° C. The seeds were then placed in a 
Petri dish on moist filter paper and kept in a germinator with an alternating 
temperature of 20° C. for 16 hours and 35° C. for 8 hours. Immediately 
after the initial period of soaking and at subsequent intervals of 24 hours, 
50 seeds were removed, sectioned, and placed in a 1% solution of tetra- 
eoliumchloride. At the end of 8 and 24 hours the sections were examined 
and classified as light-stained, dark-stained, viable, and non-viable. Only 
those with the entire embryo and scutellum stained light or dark were con¬ 
sidered viable (table III). 

TABLE III 

Rhfc.ri.Tg OK SOAKING 50 CUT SEED SECTIONS OK BAHIA GRASS IN 1% SOLUTION OP TETB I- 
ZOLIMMCHLORIDE FOR 8 AND 24 HOURS* 


No. or DAYS 

AFTER 

SOAKING 

No. OF DARK- 
STAINED 

SEEDS 

NO. OF LIGHT- 
STAINED 

SEEDS 

Viable 

Non-vi\ble 

Time in 
solution 




% 

% 

hrs . 

0 

o 

48 

100 

0 

8 


35 

15 

100 

0 

24 

1 

8 

42 

96 

4 

8 


37 

13 

96 

4 

24 

o 

29 

20 

96 

1 4 

8 


44 

5 

94 

6 

24 

3 

35 

15 


0 

8 


47 

3 

98 

o 

24 

4 

22 

24 

88 

12 ! 

8 


42 

3 

90 

10 

24 

5 

25 

25 


0 

8 


40 



0 

24 

6 

31 

19 

96 

4 

8 


38 

9 

94 

6 1 

24 


* Seeds were soaked 16 hrs. in water at 20° C., kept at temperatures alternating be¬ 
tween 20° and 35' C. for period of 1 to 6 days, and sectioned. 


In all cases the percentage of dark-stained embryos increased markedly 
as the period of immersion was increased from 8 to 24 hours. Since the 
embryos not deeply stained were colored throughout the scutellar region as 
well as in the embryo proper, they were considered viable. Among the lots 
kept in the germinator for 1 to 6 days and soaked 24 hours in the chloride 
solution, the differences in viability, on the basis of 50 seeds, were not sig¬ 
nificant. On the other hand, the large percentage of dark-stained seeds 
retained in the germinator for 2 to 4 days after soaking, indicated that such 
a procedure may be preferable. The viability by this method of this par¬ 
ticular lot of Bahia grass seed appeared to be between 90% and 100%. 

A germination test of this lot was made as follows: 100 seeds were de- 
hulled, soaked 5 minutes in a 25% solution of chlorox, placed on moist filter 
papers in a Petri dish, and kept in a germinator with alternating tempera- 
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tures of 15° C. for 16 hours and 30° C. for 8 hours. At the end of 9 days 
all the seeds had produced strong, normal sprouts. Another sample of 200 
seeds, treated in the same way except that the temperature alternated from 
20° to 35° C., gave 95% germination in 5 days. The results indicated that 
the viability of this lot of seed was nearly 100% which agrees with the index 
of viability as measured by the tetrazoliumchloride method. They also sug¬ 
gested that alternating temperatures of either 15° to 30° C. or 20° to 35° C. 
were favorable for the germination of Bahia grass seed. 

Bice seed 

Two hundred seeds from each of four varieties of rice were soaked in 
water for 16 hours at room temperature. Each seed was sectioned longi¬ 
tudinally through the embryo, and one half of each placed in a 1% solution 
of tetrazoliumchloride for 4 hours. At the end of the soaking period the 

TABLE IY 

Comparative determination or the viability of rice seed by staining with 1 % 

SOLUTION OF TETRAZOLIUMCHLORIDE AND LABORATORY GERMINATION 
BASED ON 200 SEEDS TESTED 




Laboratory germination 

Variety 

Viability by 
staining 

Between 

blotters 

Between 
BLOTTERS 
20°-30° C. 

Sa\i> 


% 

% 

% 

% 

Nira 

66.0 

65.5 

55.0 

70.0 

Fortuna 

87.0 

84.0 

77.5 

81.0 

Prelude 

84.5 

75.5 

72.0 

71.5 

Zenith 

94.5 

90.0 

78.0 

86.5 


sections were examined under a binocular microscope and all those with 
the embryo and scutellum stained light or dark red were classed as viable. 
Three lots of 200 seeds each from the 4 varieties were prepared and tested 
for germination by three methods: (1) between blotters, (2) presoaked 16 
hours and planted between blotters, and (3) presoaked 16 hours and planted 
in sand. All tests for germination were made at 20° C. for 16 hours and 
30° C. for 8 hours each day for 10 days (table IV). With the exception of 
the Prelude variety soaking before planting resulted in a higher percentage 
of germination, and germination in blotters or sand of presoaked seed agreed 
with the embryo color reaction. 


Cotton seed 

A few attempts were made to apply the tetrazolium color test to cotton 
seed. One difficulty was that some seeds after soaking overnight were hard 
and eould not be sectioned. Such seeds presumably would not have ab¬ 
sorbed 'Wfiter, and germination processes could not have been initiated. 
Many seeds that did absorb water when sectioned and soaked in a 1% 
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tetrazoliumchloride solution stained readily in the embryo region; but the 
seed coats separated easily from the embryos and cotyledons, and the latter 
further separated from each other. An evaluation of the color test, there¬ 
fore, was difficult to make. 

Discussion and summary 

Determination of living embryos of seeds by means of the color indicator 
2,3,5-triphenyl-tetrazoliumchloride as recommended by Lakon (12) was 
investigated, using seeds of several members of the grass family, three 
leguminous species, buckwheat, and cotton. A comparison of the percent¬ 
age of stained embryos in a given lot with the percentage of normal sprouts 
obtained in a standard germination test showed close agreement in 13 sam¬ 
ples of corn, two samples each of wheat and oats, three samples each of bar¬ 
ley and rice, and one sample each of buckwheat, popcorn, soybean, peas, 
and Bahia grass. The comparisons for vetch, sorgo, two samples of oats 
and peas, and one sample of barley were not in close agreement, yet the 
differences in results shown by the two methods were not great. 

With the exception of corn the criterion used for classifying grass seeds 
as viable was the almost complete staining of the embryo proper and scutel- 
lum. Absence of color in the radicle below the mesocotyl region or in the 
lower half of the soutellum, however, was not considered sufficient grounds 
for classification of a corn seed as noil-viable. 

Tn seeds of pea, soybean, and vetch it is impossible to section through 
the epicotyl or plumule region regularly. The only cut part, therefore, 
with which the solution can readily make contact, is the radicle. Develop¬ 
ment of a radicle in leguminous seeds without consideration of the plumule 
or epicotyl is insufficient evidence for classification as a normal seedling. 
For that reason the method investigated may not be applicable to seeds 
producing baldheads when they germinate. 

The method appears to have some merit for seeds of Bahia grass which 
are difficult to germinate. It is recommended that the hulls be removed 
before placing the seeds to germinate. This is a tedious and time-consum¬ 
ing process. By the staining method it was possible to soak the seeds 16 
hours, place them on a moist substratum at 20° to 35° C. for 3 or 4 days, 
cut them into sections, and place in the tetrazoliumchloride solution for 24 
hours. More samples must be tested by this method before definite conclu¬ 
sions can be stated. When the hulling method is used it is desirable to soak 
the seeds in a 25% solution of ehlorox to prevent the growth of surface 
molds. 

A standard method of germination may not be the one that measures 
the true germinability of a particular kind of seed. For example, in the 
tests with four varieties of rice the standard method failed to measure the 
maximum germinability of the seed of three varieties. When the seeds 
were soaked and planted in sand or blotters, the percentage germination 
compared closely with the percentage of stained embryos that were soaked 
in the tetrazoliumchloride solution. 
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As pointed out in the introductory statement, tetrazoliumchloride is 
colorless but forms carmine red iormazans upon reduction. The salt is an 
oxidation-reduction indicator, and the development of the non-diffusible red 
color in a specific tissue is presumably an indication of the presence of 
active respiratory processes in which hydrogen radicals are transferred to 
the tetrazoliumchloride. If further research should establish this hypothe¬ 
sis, the process should prove to be of general value in physiological experi¬ 
ments as well as an index of germinability of seeds. Because the measure¬ 
ments of “germinability” are indirect, however, and dependent upon all 
of the factors affecting the oxidation-reduction potential of the cells, care¬ 
ful standardization of procedure will probably be necessary. 

Department of Botany 
Iowa State College 
Ames, Iowa 
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CHLOROPHYLL AND PROTEIN INTERRELATIONSHIPS IN 
ANANAS COMOSUS (L.) MERR. 1 

C. P. SlDBBIS 

(WITH FOUR FIGURES) 

Received August 5, 1946 

Studies on a quantitative separation and analysis of chloroplastic matter 
by different investigators have revealed that chlorophyll is held by chemical 
forces on proteinaceous matter. This matter, named phyllochlorin by 
Mestre (17), chloroplastin by STOiiL.(37), photosynthin by French (8), 
and chloroglobin by Rabinowitch (21), is presumably identical with the 
substance composing the stroma of chloroplasts. 

Frey-Wyssling (9), discussing the composition of chloroplasts, stated 
that, according to Guillermond, Mangenot, and Plantefol (13) and 
Sharp (24), the structure of the chloroplasts of higher plants is homo¬ 
geneous and not granular with small green particles imbedded in a colorless 
stroma, as postulated by Meyer (18) and Schimper (22), and that the 
granulations are artifacts. According to Heitz (15), the grana are not 
spheres but disks oriented parallel to the surface of the disk-shaped particles 
which alone contain the chlorophyll. Noack (20) observed that colloidal 
chlorophyll does not show fluorescence except when adsorbed in mono- 
molecular layers. Also, Euler et al. (7) have reached a similar conclusion 
from determinations of the quantity of chlorophyll in one single plastid. 

Methods 

The isolation of chloroplasts or of chloroplastic matter has been effected 
in various ways by different investigators (3, 5, 8, 11, 12, 14, 17, 19) and 
with somewhat similar results. 

Isolation of chloloplastic matter 

In former studies (25) the leaves of A. comosus were segregated into 
groups represented by old (B), mature (C), active (D), and young (E) 
leaves. In A. comosus, as in all monocotyledonous plants, the old (B) 
leaves occupy positions at the basal end of the stem, the young (E) at the 
apical end, and the mature (C) and active (D) at the medial section. Such 
leaves are cut for many studies into four or five cross sections in order to 
segregate tissues of different stages of development and physiological func¬ 
tion. The basal sections (no. 1) of such leaves are lacking in chlorophyll, 
and in. leaves which have not completed growth they are composed mostly 
of meristematic tissues. The chlorophyllous region of the blade is divided 
into terminal (no. 5), medial (no. 4) and basal (no. 3) sections and the neck 

*Pnbliah»d with the approval of the Director as Technical Paper no. 169 of the 
Pineapple Research Institute, University of Hawaii. 
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or region between the non-chlorophyllous (no. 1) and chlorophyllous blade 
(nos. 3, 4, 5) is known as the transitional section (no. 2). 

In this study the isolation of chloroplastic matter was made as follows: 
One hundred grams of tissues from the chlorophyllous section (no. 4) of 
freshly collected active (D) leaves of A. comosus var. smooth Cayenne (25) 
cut approximately 2 mm. wide were placed with 250 ml. of 0.06 N NaOH in 
a Waring mixer and macerated at high speed for ten minutes. The mix¬ 
ture was squeezed by hand pressure through 200-mesh silk cloth or Canton 
flannel. The residue in the cloth was wetted with 25 ml. of 0.06 N NaOH 
and squeezed at successive intervals until all green color was removed from 
the residue. 

The residue was discarded and the extract placed in 100 ml. “oil” 
centrifuge tubes and centrifuged for the first 5 minutes at about 750 r.p.m., 
the next 2 minutes at about 1100 r.p.m., and the last 3 minutes at about 
1500 r.p.m. The gradual increases of centrifugal speed caused starch to 
settle at the bottom of the container with the least admixture of chloroplastic 
matter, while the latter remained in the supernatant liquid. 

The supernatant liquid, containing chloroplastic matter, was transferred 
to clean centrifuge tubes without disturbing the precipitated starch, treated 
with acetic acid to pH 4.0 (1 ml. or more of 6 N glacial acetic acid), agitated 
gently to effect mixing, and then centrifuged at different speeds as men¬ 
tioned. The supernatant liquid was decanted and the precipitate examined 
carefully for starch granules in the bottom layer of the container. When 
starch was detected, the precipitate was treated with 75 ml. 0.06 N NaOH, 
agitated to effect uniform suspension of the precipitate, and centrifuged as 
described. The supernatant liquid containing chloroplastic matter was re¬ 
moved and the precipitated starch discarded. The ehloroplastic matter 
was flocculated Avith acetic acid as before and centrifuged. 

To facilitate transferring the chloroplastic matter from the tubes to 
volumetric flasks, 1 ml. of 0.06 N NaOH was added, the contents agitated 
and poured into the flask. The alkaline suspension was acidified with acetic 
acid to pH 4.5, the flask filled to the mark with H 2 0 and placed in the re¬ 
frigerator. The concentration of the contaminant sodium acetate could 
be reduced by removal of the clear supernatant liquid at daily intervals 
and replacement with H 2 0. The mixture was agitated before withdrawing 
samples for analysis. 

Chlorophyll was extracted from the chloroplastic matter with acetone 
and determined in a Klett-Summerson photoelectric colorimeter using a 
light filter no. 60. The proteinaceous residue was analysed for total 
nitrogen. 

Results 

Analyses of chloroplastic matter 

Analyses of the chloroplastic matter from the leaves of A. comosus 
yielded 6.5 mg. of chlorophyll and 22.3 mg. of nitrogen per 20 grams of fresh 
tissue, the latter being equivalent to 140.0 mg. of protein (22.3 x 6.25). 



162 


PLANT PHYSIOLOGY 


Hanson (14) claimed that one tetrad of chlorophyll molecules (M.W. 
900x4 = 3600) is associated in the cell with one molecule of chloroplastic 
globulin (M.W. 68,000). Thus Hanson’s estimated ratio of chlorophyll to 
protein is equal to 0.0530, i.e., 3600 * 68,000, whereas that obtainable in this 
study was 0.0465, i.e., 6.54-140.0, the latter being 14.0% lower than the 
theoretical. The difference between Hanson’s theoretical ratio and that 
obtained in our study may be due in part to incomplete extraction of 
chlorophyll—the extract was estimated to contain approximately 95% of 
the total chlorophyll in the chloroplastic matter because the latter was faint 
greenish yellow after repeated extractions. 

Analyses op tissues without extraction op protoplasmic matter 

Chlorophyll/protein ratios from other studies (26, 27) show gradients 
of ascending values from the basal to the terminal sections of leaves (table 
I). It will be noted that the ratios of chlorophyll to protein for section 
no. 4 of the active (D) leaves (25) were greater in the studies referred to 
above, where no separation of the chloroplastic matter from the tissues was 
effected but protein-N was estimated as the difference between total-N and 
soluble-N, than the value 0.0465 in the present study or the theoretical 
value 0.053. The results in table I indicate that the amounts of protein in 
relation to chlorophyll were about one-half as great as in the isolated chloro¬ 
plastic matter and suggest a low rate of protein synthesis, a high rate of 
protein breakdown, or a low rate of chlorophyll reduction. 

In sections no. 2 and no. 3, which are chronologically and physiologically 
less advanced than no. 4 and no. 5, the protein content of the tissues in 
relation to chlorophyll was less, either because of shorter periods of deposi¬ 
tion and differences in the physiological functions of the tissues or of 
greater amounts of extracted protein, due to high pH values in sections 
no. 2 and no. 3 than in no. 4 and no. 5, which reduced the degree of associa¬ 
tion of proteih with chlorophyll (23). 

In general protein correlated with the chlorophyll content of tissues 
(figs. 1, 2, 3, and 4). The coeffic ient of corre lation, calculated according 
to Snedecor (34) from r = 8xy/y/(Sx 2 ) ( Sy 2 ) was statistically significant 
under experimental conditions which were favorable to plant growth. 
Chlorophyll/protein ratios in many chlorophyllous sections were in agree¬ 
ment with the theoretical ratio but in others, mostly partly chlorophyllous, 
they were either higher or lower, presumably because of the methodological 
shortcomings stated above. 

Prom previous publications (27, 28), depicting relationships between 
chlorophyll and protein in cultures supplied with equal amounts of nitrogen 
as NO* or NH 4 but with different amounts of iron, correlation between 
chlorophyll and protein in all ( cultures is shown (fig. 1). The coefficient of 
correlation for the minus-iron cultures in the ammonium series was better 
thanipr the. minus-iron cultures in the nitrate series, because the intake 
of iwri., which occurred as impurity in the C.P. salts of the nutrient solu- 
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tions, was greater from the ammonium-N series with ultimate lower pH 
values than from the nitrate-N series with higher ultimate pH values than 
at the beginning of the absorption period. 

LEAVES : 

* OLD MA TURE ; *A CT/VEy • YOUNG 




O 5 1.0 1.5 2.0 2.5 0 .5 ~/.0 /5 2 0 

PROTEIN NITROGEN 


Fig. 1 . Correlation coefficient, r, and its statistical significance for chlorophyll and 
protein in different sections of the leaves of different ages of A. comosus grown in solution 
cultures supplied with or without iron and with equal amounts of nitrogen either as NO.f 
or NH 4 + . 

From previous publications (31, 32), pertaining to the effects of 140.0 
vs. 2.8 mg. of nitrate or ammonium nitrogen in nutrient solutions on the 
chlorophyll and protein content of different leaf sections, highly significant 
correlation coefficient values are shown (fig. 2). In this figure as in figures 
1, 3, and each point represents the mean value of similar sections in the 
different leaf groups instead of individual sections. It will be noted that 
protein synthesis for the low-N cultures was greatly inhibited by nitrogen 
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deficiency, which also caused a parallel reduction in the chlorophyll content 
of the tissues (fig. 2). 

From previous publications (28, 29), depicting the effects of 205 vs. 4 
mg. of potassium per liter of nutrient solution on the chlorophyll and pro¬ 
tein content of different leaf sections, it is shown that correlation coefficient 
values were highly significant for all cultures and may suggest that potas¬ 
sium played no direct, role in protein or chlorophyll synthesis, (fig. 3). 


NITRATE SERIES 



H / G H - N — CULTURES — L O r* - N 

lt+9mfN***L) UJmf N ml) 

Fig. 2. Correlation coefficient, r, and its statistical significance for chlorophyll and 
protein in different sections of the leaves of different ages (the values are means for 
similar sections of leaves of different ages) of A . comosus grown in solution cultures with 
140.0 or 2.8 mg. of nitrogen per liter, supplied either as N0 3 " or NH 4 *. 

From a previous publication (26), depicting chlorophyll and protein 
relationships in two shoots from the same plant, of which one w r as exposed 
to seasonal light and the other was covered by a bag of black cloth for 56 
days, statistically significant correlation coefficient values for the exposed 
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plant at P ■ 0.05 level but not at P = 0.01 level are indicated (fig. 4). Cor¬ 
relation between chlorophyll and protein was lacking for the covered plant, 
presumably because darkness inhibited chlorophyll formation. It may be 
noted, however, that some sort of relationship existed between chlorophyll 
and protein in the old (B) and in the mature (C) leaves which at the time 

LEAVES : o old* * mature) * active j • young 
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Fig. 3. Correlation coefficient, r, and its statistical significance for chlorophyll and 
protein in different sections of the leaves of different ages of A. comosus grown in solu¬ 
tion cultures with 200 or 4 mg. of K per liter and supplied with equal amounts of nitrogen 
as N0 3 “ or NH 4 + . 

of covering bad approximately completed growth, but not in the active (D) 
and young (E) leaves which developed in darkness, lacked chlorophyll, and 
contained relatively little protein-N. 

The fihdings in table II suggest that in cultures of A. comosus supplied 
with, titrate as the source of inorganic nitrogen, protein deposition in the 
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Fig. 4. Correlation coefficient, r, and its statistical significance for choloropliyll and 
protein in different sections of the leaves of different ages of A. comosus sister shoots 
grown on the mother plant, of which one was kept in darkness for 56 days by covering 
with a black cloth; and the other was exposed to seasonal light. 


chlorophyllous sections (nos. 3, 4, and 5) was in much greater amounts than 
in the basal non-chlorophyllous sections (no. 1). This may indicate that 
protein deposition was simultanteous with chlorophyll production, presum¬ 
ably because of nitrate reduction and assimilation and carbohydrate syn¬ 
thesis in these sections. 

In variegated leaves of Ananas bract eat us less protein-N was present in 
the non-chlorophyllous than chlorophyllous areas and the ratios of chloro¬ 
phyll to protein were generally lower in the former than latter areas (table 
III). Chlorophyll to protein ratios in the green areas of leaves no. 2 and 

TABLE III 

Chlorophyll and protein-N of fresh tissue and chlorophyll to protein 
(protein-N x 6.25) ratios in the non-chlorophyllous or chloro¬ 
phyllous areas of variegated leaves of Ananas bracteatvs 

GROWN UNDER FIELD CONDITIONS 



Leaves 

Chlorophyll 

Protein-N 

Protein 

Chlor. 

No. 

Color 

Prot. 

1 

White 

mg./gm . 

0.068 

mg./gm. 
0.28 

mg./gm. 

1.75 

0.039 

1 

Green 

i BIIIp 

1.11 

6.93 

0.043 

2 

White 


1.34 

9.37 

0.010 

2 

Green 


2.13 


0.056 

3 

White 


0.81 

5.06 

0.016 

3 

White and green 


1.07 

6.67 

0.035 

3 

Green 

0.351 

1.03 

6.43 

0.055 
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no. 3 had attained the theoretical value of 0.055, but in leaf no. 1 the ob¬ 
served ratio was about 22% lower than the theoretical value. 

Discussion 

Stiles (36), Spoehr (35), Rabinowitch (21), Weieb (38), Burk¬ 
holder (4), Gaffron (10), and Frey-Wysslino (9) have presented the 
various aspects of photosynthesis insofar as it concerns chlorophyll and 
chloroplastic proteins either as a coordinating system or as independent 
systems. 

Sugar synthesis in green plants by photosynthetic activity is effected 
by reduction of carbon dioxide with evolution of oxygen. Carbon dioxide 
reduction takes place in other organisms lacking chlorophyll which may or 
may not. be sensitive to light, according to Gaffron (10) and Werkman 
and Wood (39), suggesting that the proteinaceous matter in the cell (which 
may function similarly to the proteinaceous stroma in the chloroplasts), 
and not the chlorophyll is the locus for carbon dioxide reduction. Experi¬ 
mental evidence (6) on the time required for the photosynthetic mechanism 
corroborates the view that carbon dioxide reduction may be effected in the 
absence of chlorophyll proper in some other adjacent region of the system 
and possibly in the chloroplastic stroma. Hober (16), in an attempt to 
explain certain observations on studies in photosynthesis, states his point 
of view as follows: “The time element, possibly associated with long range 
forces, may be necessary to explain the observed fractional quantum ef¬ 
ficiency for a large assembly of chlorophyll molecules in the interior of the 
chloroplast to absorb four light quanta simultaneously and then to transmit 
the electronic excitation energy from one molecule to the next by some sort 
of resonance effect, until it reaches a point on the surface occupied by an 
adsorbed C0 2 molecule.” 

The data on protein-N and chlorophyll content in various leaf sections 
of A. comosus, in previous publications (27, 28, 29, 30, 31, 32), indicate 
in general gradients which increased from the basal chlorophyll-free semi- 
meristematic no. 1 section to the terminal more or less senescent no. 5 sec¬ 
tions. In plants supplied with insufficient amounts of iron, nitrogen, or 
light the chlorophyllous sections of the leaves contained relatively equal or 
slightly greater amounts of protein-N than the non-chlorophyllous basal 
no. 1 sections. Inhibition of chlorophyll synthesis by deficiencies in iron, 
light, or nitrogen caused a parallel reduction of protein depositions in the 
chlorophyllous tissues. 

In plants adequately supplied with iron, light, or nitrogen, chlorophyll 
to protein ratios were approaching the theoretical value, although they 
fluctuated considerably for different sections of the leaves. Lowest ratios 
and ratios nearer the theoretical value were obtained mostly in the distal 
more mature regions of the leaves, e.g., sections 4 and 5, but in the proximal 
sections 2 or 3 which are less mature, the ratios were ordinarily higher. 
It is probable, therefore, that protein depositions in the latter were either. 
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limited by unknown physiological causes or that some protein might have 
been incorporated in the soluble organic-N fraction and the reported protein 
values were not sufficiently high to yield the theoretical ratio, 0.055. It 
was observed in subsequent studies, which will be reported elsewhere, that 
from 12.0% to 28.0% of the total water-extractable nitrogen is protein¬ 
aceous and may be precipitated by acetic acid, while from 1.0% to 12.0% is 
proteose-N which is precipitable by trichloroacetic acid. In many analyses 
reported above, all proteose-N was incorporated in the soluble organic-N 
fraction. The subtraction of the latter from total-N to yield protein-N 
by difference lowered the actual proteinaceous values from 2.0% to 25.0% 
on account of the inclusion of proteose-N in the soluble organic-N fractions. 
If this correction be taken into consideration, many of observed chlorophyll/ 
protein ratios approach the theoretical value. 

Studies of protein structure by Astbury (1, 2) indicate that the fibrous 
proteins, have as the unit of structure a polypeptide grid whose normal 
equilibrium configuration is not flat, but buckled, that is. the main chains 
are thrown into a series of intramolecular folds lying in planes transverse 
to the cross-linkage of the grid, and its basis of the long-range elasticity is 
the capacity to unfold and refold. Moreover, additional evidence pointing 
to a simple system of close packing of the side chains, the polars on one side 
of the main chain and the non-polars on the other, suggests that such close 
packing results in the formation of protein laminae which may appear alone 
or sandwiched with accessory groupings, such as lipoid laminae. Schttlman 
(23) has shown that, in lipoproteins, the pH of the solution with values above 
or below the isoelectric point of the protein may increase or decrease the 
the relative degree of association or combination of lipoids with proteins. 

In A. comosus the pH and titrable acidity values of the sap from dif¬ 
ferent leaf sections vary considerably (26, 27, 29, 31). Gradients of titrable 
acidity and pH of the various leaf sections, influenced by diurnal changes 
and rates of respiratory activity (33), increased in the former but de¬ 
creased in the latter from the basal to the terminal sections during the hours 
of darkness or low light, while at times of full sunlight, when photosynthetic 
activity was at maximum, they either disappeared or became slightly re¬ 
versed. Thus the different conditions provided in the cell by the constantly 
changing acidity or pH may increase or decrease the degree of association 
between chloroplastic proteins and chlorophyll. Hence, the divergence be¬ 
tween observed and theoretical chlorophyll /protein ratios may be explained 
by the effects of pH on the chlorophyll combining power of the chloro¬ 
plastic proteins of different leaf sections. 

Summary 

There was positive correlation between chlorophyll and protein in the 
chlorophyllojus regions of plants supplied with adequate amounts of nu¬ 
trients tod seasonal light. 

insufficiency of iron, light, and nitrogen decreased considerably the 
amounts of chlorophyll and protein in the chlorophyllous regions of leaves. 
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Potassium in the nutrient solutions supplied in small or high amounts 
liad no measurable influence on the relations of chlorophyll to protein. 

Ratios of chlorophyll to protein in the distal relatively mature leaf 
sections, where both substances reached maximal content, approached the 
theoretical value of 0.055 of Hanson, but in the proximal less mature sec¬ 
tions chlorophyll/protein ratios indicated greater amounts of chlorophyll 
in proportion to protein. 

Protein-N/soluble organic-N ratios were approximately 1:1 in the basal 
(no. 1) non-chlorophyllous sections and 3:1 in the chlqrophyllous (no. 4) 
sections, indicating that protein-N rather than soluble organic-N is directly 
related to chlorophyll. 

These findings suggest that chlorosis, excluding variegation, in plants 
is a state of incompatible chlorophyll and protein relations in the chloroplast 
due to deficiencies of substances essential for the synthesis of chlorophyll or 
proteins, or to conditions (high Mn) inhibitory for the synthesis of such 
substances or for the proper operation of the chlorophyll-protein system. 
This state may be restored to normalcy either by the elimination of the de¬ 
ficiencies or the adverse conditions. 

The generous cooperation of H. Y. Young and H. H. Q. Chun is grate¬ 
fully acknowledged. 

Pineapple Research Institute 
University or Hawaii 
Honolulu, T. H. 
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RADIOACTIVE PHOSPHORUS PROCEDURES AS APPLIED 
TO SOIL AND PLANT RESEARCH 1 
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The importance of phosphorus in soil-plant relationships is well recog¬ 
nized, as evidenced by the magnitude of the phosphate fertilizer industry 
in the United States. Knowledge is incomplete, however, regarding the 
behavior of phosphorus in the soil, its availability for plant uptake, and the 
extent to which it is affected by the numerous ever-present variables. The 
isotopic tracer technique, in addition to sensitivity, simplicity, and rapidity, 
possesses a fundamental advantage over the standard chemical methods in 
that phosphorus added to a system can be distinguished from that already 
present. 

In 1940 Ballard and Dean (3), who reported on the use of radioactive 
phosphorus in soil studies, used an electroscope for detection purposes and 
made measurements on soil, plant material ash, and on intact plants. In 
1941 Ballard and Dean (4) described the application of these procedures 
in biological measurements of the retention of applied phosphorus by soils; 
they obtained close agreement between phosphorus fixation when determined 
by the standard water equilibrium system method, and when determined 
by the absorption by 19-day-old tomato plants of radioactive phosphorus. 
They were unable to obtain correlation between the standard method and the 
use of radioactive phosphorus in the chemical estimation of phosphorus fix¬ 
ation. No data as to the sensitivity of the detection procedures used or the 
specific activities of the original solutions were presented. The use of radio¬ 
active phosphorus in short-term plant physiological studies has been reported 
by several workers (1, 5, 7, 8). 

This technique has not yet been extensively used, principally because of 
an inadequate source of radioactive materials and the lack of detection equip¬ 
ment during the war years. With cyclotron output now available for peace¬ 
time research, however, and with the reasonable expectation that atomic 
energy plants will soon be used for the production of radioactive isotopes, 
the main obstacle will be removed (see Science, June 14,1946). Experience 
has indicated that field studies are economically feasible in addition to the 
laboratory and greenhouse scale of experimentation. 

It is the purpose of this paper to describe advantageous procedures for 
the use of radioactive phosphorus in soil and plant studies and to present 
results with a series of Florida soils. Data are given on the sensitivity of 
the method, since this factor in consideration with an estimate of the expected 

* Published with the permission of the Director of tlio Florida Agricultural Exjtcri- 
meat 8t*#«L 
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uptake will determine the practical maximum time limit of the experiment 
and the activities which must be used. 

Materials and method 

Radioactive material was supplied by the Massachusetts Institute of 
Technology, Radioactivity Center, and was prepared by bombardment of 
phosphorus with deuterons. It was obtained as a purified solution contain¬ 
ing 4.2 mg. phosphorus in the form of H 3 PO*, with a half-life of 14.3 days 
and an initial specific activity of 0.95 millieuries per mg. Using the 15-ml. 
cell described below', the measurements were sensitive to 0.00015 micrograms 
phosphorus at 12 days after preparation. 

The activity was measured with a Geiger-Mueller counter apparatus 
(No. 3 combination purchased from Herbach and Rademan, Inc., Philadel¬ 
phia, Pa.). A dipping type counter tube was employed constructed similarly 
to that described by Bale, Haven, and Lefevre (2) (purchased from Distil¬ 
lation Products, Inc., Rochester, N. Y.). Bale ct al. described a special 
mount for bolding the counter tube; they used a rack and pinion device for 
supporting and adjusting the glass cell which contained the solution to be 
measured. Satisfactory results were obtained, however, by holding the 
counter tube with an ordinary clamp and ring-stand and by supporting the 
cell with a pivoted beaker shelf which could be fixed at the desired height 
and swung aside for removal of the cell (fig. 1). The sensitive portion of 
the counter tube is a cylinder about 51 mm. in length and 11 mm. in diameter. 
For maximum sensitivity, a test tube of 15 mm. inside diameter and about 
60 mm. in length should be used with 2 ml. of the unknown solution. How¬ 
ever, when the samples contain sufficient activity it is more convenient to 
use larger cells; in the work reported here 15 ml. of solution were used in 
cells of 22.4 mm. inside diameter and 63 mm. length. The sensitivity was 
decreased about fourfold by using the 15-ml. cells instead of the 2-ml. cells. 
For the actual measurement the cell \vas supported in paraffin contained in a 
400-ml. beaker; the cell was held firmly, but it was removable for interchange 
of samples. No significant differences were observed when the cell was 
centered with the counter tube merely by inspection or when different cells 
of the same dimensions were used. The same paraffin-containing beaker 
should be used for any given series of measurements, since it is difficult to 
get any two beakers to support the cells at exactly the same height. With 
the counter tube and beaker shelf fixed in position, and using a given volume 
of solution in cells of identical dimensions in the same paraffin-containing 
beaker, reproducible results were obtained. 

The background, due primarily to cosmic radiation, averaged 12 counts 
per minute for the set-up as described and was usually measured twice 
during the day. Each solution was measured for 10 minutes or longer, 
depending on the activity contained, and net counts of 4 per minute or less 
were not considered significant. 

The absolute radioactive phosphorus content was obtained by the use of. 
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standard solutions, prepared by Using known amounts of the original radio¬ 
active phosphorus solution, carried through the regular procedure for the 
given'experiment. The calibration eurve was then constructed by plotting 
the weight of phosphorus against the count per minute. Instead of correct¬ 
ing for decay by calculation back to some zero time, a calibration curve was 
run during the middle of each working day for use with the samples 
measured on that day. Actually about 3 points were sufficient to determine 
the curve for routine work, and the position of the curve from day to day 
indicated that the instrument was operating properly. 



Fig. 1. Apparatus for measurement of radioactivity in solutions. Geiger Mueller 
counter tube, swinging beaker shelf, and 15 ml. cell supported m 400 ini. paiafTiu containing 
beaker. 


The amount of radioactive material needed for a given experiment is 
fixed by (a) the sensitivity of the detection procedure at the time the measure¬ 
ments are to be made and (b) the amount of the isotope which will have 
accumulated in the sample. If the latter can be estimated, then the appropri¬ 
ate dosage can be calculated; the following example will illustrate how this 
was done for some of the experiments. In the greenhouse and lysimeter-jar 
studies iij was expected that even those plants in soils of high fixing capacity 
would take up not less than 1 % of the added phosphorus. It was decided 
that the measurements would be made not more than 3 months after the date 
on which the sensitivity had been determined as 0.00015 mierograms phos¬ 
phorus; due to radioactive decay the sensitivity after 3 mouths would be 




COMAR AND NELLER: RADIOACTIVE PHOSPHORUS 


177 


about 0.01 mierograms. For optimum measurement the sample should con¬ 
tain at least 10 times the minimum activity, and, since 2 samples were to he 
taken from each jar, it was calculated that an aliquot of the original solution 
containing about 20 micrograms of phosphorus added to each jar would be 
in the proper range. 


Results and discussion 

Phosphorus fixation by soils 

The degree of phosphorus fixation by soils may be determined satisfac¬ 
torily by chemical methods of analysis. The advantages in the use of the 
radioactive-tracer method are (a) simplicity and rapidity, (b) use of minute 
amounts of added phosphorus and (c) elimination of need to correct for 
behavior of original phosphorus in the soil. 

The general procedure was as follows: an extracting buffer solution of 
dilute acetic acid and sodium acetate as described by Morgan ( 6 ) was em¬ 
ployed. For the equilibrium studies appropriate amounts of radioactive 
phosphorus in the form of Na 2 HPO« plus the inert phosphorus as KH 2 P0 4 
were incorporated in the extracting solution, and 50 ml. of this solution were 
agitated with 10 gm. of soil in a mechanical shaker for 30 minutes. The 
mixture was filtered, and the amount of radioactive phosphorus recovered 
was determined by direct measurement on the filtrate. Some of these solu¬ 
tions were analyzed chemically, and corresponding values for recovery were 
calculated by correcting for the phosphorus appearing in the filtrate when 
none was added originally. 

In the extraction expeiimeuts 10 ml. of solution, containing the active 
and inert phosphorus, were added to the soil sample, which was then air 
dried, agitated with 50 ml. extracting solution, and carried through the pro¬ 
cedure as described above. 

Table I shows the phosphorus recoveries from the various soil types as 
obtained by the use of the different procedures; the values are the averages 
of duplicate determinations in all cases. The values from chemical analysis 
were in fair agreement with those obtained by the isotope technique, and the 
rating of the soils as to phosphorus fixation was the same by either method. 
Where the soils were air-dried after the addition of the phosphorus, the 
recovery was decreased in all cases, especially with the sandy loams and clay 
types. In general, there was a greater percentage of phosphorus recovered 
at the 200-p.p.m. level than at 50 p.p.m., partieularly with fine sands; however, 
there was little difference with the Dunbar very fine sandy loam and Coxville 
clay. At the 400-p.p.m. level the phosphorus recovery was generally greater 
than at 200 p.p.m. although there appeared to be no simple proportionality 
between the initial amount added and the percentage recovery, 

PnOSPHORUS UPTAKE BY THE PLANT 

The value of an extraction procedure is determined by the extent to which 
the extracting solution removes those forms of phosphorus which are of 
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TABLE I 

Recovery of phosphorus added to the surface horizons op various types of soil, 

USING ACETIC ACID-SODIUM ACETATE EXTRACTING SOLUTION 


Soil type 

Amount 

phosphorus 

ADDED 

Percentage recovery of phosphorus 

Chemical 
analysis of 

EQUILIBRIUM 

SOLUTION 

Radioactive 

PHOSPHORUS IN 
EQUILIBRIUM 
SOLUTION 

Radioactive 

PHOSPHORUS IN 
EXTRACTION 
AIR-DRY SOIL 


p.p.m. 

% 

% 

. % 

Leon fine sand 

50 

70 

70 

* 52 


200 


88 

61 


400 


83 

66 

Hernando fine sand 

50 

* 54 

51 

16 


200 


68 

23 


400 


76 

25 

Portsmouth fine sand 

50 

39 

45 

16 


200 


59 

25 


400 


66 

31 

Norfolk loamy sand 

50 

43 

43 

6 

200 


61 

10 


400 


66 

11 

Dunbar very fine 

50 

20 

20 

8 

sandy loam 

200 


22 

6 

400 


32 

6 

Amite sandy loam 

50 

19 

17 

o 

M 

200 


26 

3 


400 


38 

5 

Coxville clay 

50 

Cl 

r-H 

13 

3 

200 


13 

3 


400 


11 

4 


immediate significance to plant growth. The availability of added soil phos¬ 
phorus depends upon many factors, particularly the nature of the soil and 
the type of plant. The problem of correlating the actual utilization of nutri¬ 
ents by plants with the results of soil extraction procedures has been a diffi¬ 
cult one. The use of the tracer technique affords a simple method of follow¬ 
ing the actual plant uptake with physiological amounts of the element, and 

TABLE II 

Recovery in oat tops op radioactive phosphorus added to various types op soil 


Added radioactive 

PH08PH0RUS 
RECOVERED 
IN OAT TOPS 


Leon fine sand 

Greenhouse jar 

6 

pm. t 

3.5 ± 0.2 

% 

33.0 ± 2.0 

Leon line eand , 

Lysimeter jar 

4 

20.2 ±0.5 

32.0 ±1.8 

Hernando fine ajgtd 

Greenhouse jar 

6 

3.9 ±0.7 

16.8 ±3.5 

Amite sandy loam 

Lysimeter jar 

2 

19.6 ±0.8 

13.0 ±0.4 

CSoxville clay 

Lysimeter jar 

2 

17.1 ±1.6 

11.3 ±2.1 


Soil type 


Container 


Number of 
containers 


Growth* 


* flnuiu of dry weight of tops, 
f She mean value ± the mean deviation. 
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furnishes a convenient means of comparing the extraction procedure with the 
biological method under controlled conditions. 

In one set of plant experiments glazed greenhouse jars were employed, 
holding 1000 gm. of soil to which 58 p.p.m. phosphorus as citrate soluble 
phosphate had been added. About a dozen oat plants were grown in a circle 
in each jar; when the seedlings were about 2 inches high the appropriate 
amount of radioactive phosphorus in 10 ml. solution was added to a hole 2J 
inches deep punched in the center of the soil area. The jars were watered 
regularly according to usual greenhouse practice. In other studies 4-gallon 
glazed lysimeter jars were employed holding 14,000 gm. of soil; the top 
4 inches, 7000 gm., had previously been treated to contain 49 p.p.m. phos¬ 
phorus. About 40 oat plants were grown in each lysimeter jar and the 
procedure followed as described above. 

Radioactive phosphorus was applied February 21 and the plants har¬ 
vested April 25, 1946. The tops were dried and weighed to give the growth 
data; samples, usually 2 gm., were ashed with magnesium nitrate according 
to the usual methods for phosphorus determination. The ash was taken up 
in hydrochloric acid solution, made to volume, and the activity measured 
as earlier described. 

Table II shows the recovery of radioactive phosphorus in the tops of oats 
grown on various types of soil. The amount of growth was about the same 
regardless of the soil type. The percentage recovery from the Leon fine sand 
was the same, whether the greenhouse or the lysimeter jars were used. With 
respect to phosphorus recovery the soils ranked in the same order as deter¬ 
mined by the chemical and tracer methods; however, the differences were not 
so great as might have been expected from the values reported in table I. 
Using the 50-p.p.m. level as the basis of comparison, it was evident that 
chemical analysis and radioactive phosphorus in equilibrium solution gave 
the best correlation with plant uptake. With these methods the relative 
fixing capacities of the Leon fine sand and the Hernando fine sandy loam 
were in close agreement; this was true also for the Amite sandy loam com¬ 
pared with the Coxville clay. However, a comparison of the Leon and Her¬ 
nando with the Amite and Coxville showed less differences in fixing capaci¬ 
ties when measured by plant uptake than when measured with radioactive 
phosphorus in equilibrium solution. 

The Leon fine sand is of particular interest since it is widespread through¬ 
out Florida and has usually been found deficient in phosphorus. About 33% 
of the added phosphorus was recovered in the oats grown under what might 
be considered as intensive cropping. Under the experimental conditions 
reported here it would have been necessary to use only 0.6 micrograms of 
the phosphorus preparation per jar for adequate measurements, which corre¬ 
sponds to an initial activity of about 0.6 microcuries. This means that field 
work, leaching studies, or the growing of plant material containing radio¬ 
active phosphorus to be fed to animals for metabolism investigations will not 
be economically prohibitive. 
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Summary 

Convenient procedures for the use of radioactive phosphorus in soil-plant 
research are described. With a sample having an initial specific activity of 
0.95 millicuries per mg. the measurements were sensitive to 0.00015 micro- 
grams phosphorus at 12 days after preparation. 

A series of Florida soils showed the same ranking with respect to phos¬ 
phorus fixing capacity as determined by (a) chemical analysis of equilibrium 
solution (b) radioactive phosphorus in equilibrium solution (c) radioactive 
phosphorus in extraction of air dry soil and (d) uptake of radioactive phos¬ 
phorus by oat plants grown for 63 days. 

FIiOKida Agricultural Experiment Station 
Gainesville, Florida 
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As observed by several investigators (3, 4, 9, 11,12, 13,14), phymatotri- 
ehtnn root rot is notably less severe in dry than in moist summers. In¬ 
creases have likewise been noted in the numbers of plants dying from root 
rot after rains and irrigations. The question has not been raised before, 
however, as to whether the low root-rot mortality of cotton plants in dry 
seasons is due to moisture conditions unfavorable to the spread of the 
fungus, Phymatotrichum omnivorum (Shear) Duggar, through the soil, or 
to an associated change in the disease resistance of the plant. 

Increased resistance of cotton plants to phymatotrichum root rot has 
been shown elsewhere by Eaton and Bigler (2) to follow increases in the 
carbohydrate concentrations in the root bark. In that investigation carbo¬ 
hydrate levels were altered by such means as defruiting, partial defoliation, 
and adjustments in nitrogen supply; the effects of drought on carbohydrate 
levels and upon root rot were not considered. 

The data developed in this paper deal with (1) the effect of drought on 
the accumulation of carbohydrates and nitrogen in the root bark of cotton 
plants growiug in dry and irrigated field plots, (2) with the effect of 
drought, in the same experiments, on the severity of phymatotrichum root 
rot. and (;{), by means of laboratory measurements, with the ability’ of the 
fungus to grow from a moist substrate into soils with high moisture tensions. 

Methods 

The concentrations of sugars were measured by the Wildman and Han¬ 
sen semi-micro procedure (15), starch was hydrolyzed with diastase, and 
hemicellulose with hydrochloric acid. These methods have been reportetl 
in greater detail elsewhere (1). The procedures followed in the field ex¬ 
periments and in the laboratory measurement of fungus growth are dealt 
with in conjunction with those results. 

Results 

Carbohydrate aohmulation and root rot in dry and irrigated plots 

Field experiments were eondueted at the Blackland Substation, Temple. 
Texas, in 1942 and again in 1944. The experiments included dry and 
irrigated plots on Houston Black clay in a field that had shown much root 
rot in previous years. 

1 Approved as Technics! Paper no. 959 o t the Texas Agricultural Experiment Station. 
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Tlie 1942 experiment was looked upon as exploratory and was laid out 
in only two blocks, each with four plots. The four treatments were as fol¬ 
lows: (1) irrigated, (2) irrigated and fertilized, (3) dry, and (4) dry and 
fertilized. Five acr^inches of water were applied to the irrigated plots 
on July 10 and again on August 10. The rainfall was negligible between 
the middle of June and August 12, but on the latter date there was a rain 
of 0.48 inches, and on August 16 there was a rain of 1.56 inches. Rains 
of 0.61, 0.13, 0.52, and 0.11 inches fell on August 19, 24, 30, and 31. respec¬ 
tive^. During the first ten days of September rainfall amounted to 6.35 
inches. The fertilized plots received 800 pounds per acre of 9-6-3 commer¬ 
cial fertilizer placed beneath the drill rows at time of planting (May 4). 

The plants for root-bark samples were collected between 10:00 a.m. and 

TABLE I 

MEVNS OP C VRBOHVDRATES, TOTAL NITROGEN, AND AIOIbTl KE CONCENTRATIONS IN 
ROOT B \RK (ONE DATE) AND PLANTS KILLED BY ROOT ROT (ONE DATE) 

IN I'NFERTII.IZFD WET AND DRY PLOTS IN 1942* 



Wet 

| Dry 

Unfertilized 

Fertilized 

Unfertilized 

Fertilize d 


% 

% 

% 

% 

Root-hark constituents: 





Hexoses 

0.56 

0.68 

1.11 

1.0 5 

Sucrose 

1.02 

1.07 

1.53 

1.98 

Starch 

0.84 

0.86 

1.03 

1.16 

Total OHO 

2.42 

2.61 

3.41 

4.20 

Hemicellulose 

9.12 

9.63 

9.79 

10.45 

Total nitrogen 

0.130 

0.152 

0.136 

0.201 

Moisture 

79.0 

; 78.0 

75.4 

73.4 

' 

gm. 

gnu 

gm. 

gm. 

Weight tap roots 

17.1 

21.7 

11.2 

12.2 


mean 

mean 

mean 

mean 


% 

% 

% 

% 

Plants killed by root rot: 





on Oct. 1 

50 

52 

27 

21 


* Analytical data expressed as percentage of fresh weight. 


11:00 a.m. on the morning of August 17 after irrigation of the irrigated 
plots on August 10 add after rains of 0.48 inches and 1.56 inches on August 
12 and 16, respectively. At no time did the plants in the dry plots show any 
marked degree of wilting, but it may be noted that the two irrigations re¬ 
sulted in a large increase over the dry plots in the weight of the tap roots 
(table I). Each of the 16 samples for carbohydrate analysis was a com¬ 
posite of the root bark from 15 uninfected plants selected at random in the 
upper and lower halves, respectively, of each of the 8 plots. 

Although samples were collected following a day of rain, the concen¬ 
trations of hexoses, sucrose, and starch were all higher in the dry than in 
the irrigated plots. Drought resulted in an increase of 51% in the sum 
of these carbohydrates (table II). Fertilization also increased carbohydrate 
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concentrations, but it is probable that part of the increase is attributable 
to differences in moisture supply; i.e., with the'same amount of rain and 
irrigation, the fertilized plants were larger as shown by the 18% increase 
in weight of tap roots. The slightly higher concentrations of hemicellulose 
found in the plants from the dry plots disappear if the data be computed 
to a residual dry weight basis. There were twice as many plants killed by 
root rot in the irrigated as in the dry plots on October 1 (table I) and 
similar differences were found also on September 1 and 15. 

The 1944 experiment was undertaken on a more comprehensive scale 
than the one in 1942, and the summer was more favorable for it. There 
were 16.75 inches of rain between May 1 and June 12, but thereafter there 
were no rains of consequence until the period of August 27 to 30 when 1.91 


TABLE II 

Percentage change as a result of drought and mineral fertilizer on root-bark 

CONSTITUENTS AND PLANTS KILLED BY ROOT ROT IN 1942— FACTORIAL SUMMARY 


Item 

Drought* 

Fertilizer t 

Boot-bark constituents: 

% 

% 

Hexose 

74$ 

4 

Sucrose 

685 

28^ 

Starch 

29* 

11 

Total CIIO 

51$ 

i7: 

Hemicellulose 

7 

6 

Total nitrogen 

195 

3 ; 

Moisture 

- 3$ 

- i; 

Weight 

- 40$ 

185 

Plants killed 

-531 

! 

- 7 ) 


* Determined by the difference l>ctween the means of wet and dry treatment results. 

t Determined by the difference between the means of the unfertilized and fertilized 
treatment results. 

t Statistically significant by oddR of 19 to 1. 

$ Statistically significant by odds of 99 to 1. 

inches fell. On September 6 and 7 there was another rain of 1.68 inches. 
Starting on July 14 the wet plots were irrigated with one acre-inch of water 
weekly. Fertilization consisted of 6.4 tons of oat straw (air-dry basis) plus 
100 pounds of inorganic* nitrogen per acre. These materials were disked 
into the soil prior to planting on May 13. The four treatments; (1) irri¬ 
gated. (2) irrigated plus manure, (3) dry, and (4) dry plus manure, were 
randomized in each of ten blocks. Dead-plant counts were made at inter¬ 
vals of about 15 days starting in mid-July. The means of the percentages 
of dead plants on duly 31, August 14. September 1 and September 15 are 
shown (table III). On September 15 there were, respectively, 67% and 
76% of the plants dead in the unfertilized and manured irrigated plots, and 
13% and 10% iu the corresponding dry plots. The soil-moisture samples 
were taken at a depth of 6 to 8 inches on the day before the irrigations of 
July 27, August 3,10,18, and 24; the root-bark samples were collected be¬ 
tween 10; 00 a.m. and 11:00 a.m. on each of four dates during the fruiting 
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period (fig. 1). Each collection was in triplicate for each treatment, with 
one uninfected root from each of ten plots making a single sample. 

The total-carbohydrate concentrations as found on each of the four dates 
in 1944 (fig. 1) are summarized as separate constituents (table III). Con¬ 
sistent with the earlier results, the hexoses, sucrose, and starch concentra¬ 
tions were higher in the dry than in the irrigated blocks. The greatest effect 
of drought was found in starch concentrations. Little effect of manuring 
is reflected in the hexoses or sucrose sugars, but manuring resulted in large 
decreases in starch, both in the wet and dry plots. 

Drought greatly increased the concentrations of total nitrogen in the root 
bark (table IV). Manuring, however, had only minor effects on nitrogen 

TABLE III 

Means of carbohydrates, total nitrogen, and moisti he concentrations in 

ROOT BARK (FOUR DATES) AND PLANTS KILLED BY ROOT ROT (FOUR DATES) 

IN UNFERTILIZED AND MANURED WET AND DRY PLOTS IN 1944* 


Item 

| Wet | 

Dry 

Unfertilized 

Manured 

Unfertilized 

MANI KM) 


% 

% 

% 

% 

Boot-bark constituents: 





Hexose 

1.00 

1.02 

1.18 

1.21 

Sucrose 

1.69 

1.72 

2.13 

2.07 

Starch 

1.27 

0.95 

2.46 

1.79 

Total CHO 

3.96 

3.69 

5.77 

5.08 

Total nitrogen 

0.242 

0.268 

0.365 


Moisture 

74.6 

75.4 

70.1 

71.0 


gm. 

gm. 

gm. 

gm. 

Weight per bark 

11.8 

13.3 

8.4 

9.0 


mean 

mean 

mean 

vuan 


% 

% 

% 

% 

Plants killed by root rot 

38 

42 

10 

6 


* Analytical data expressed as percentage of fresh weight. 


levels in the experiment, and the responses were greater in the dry than in 
the irrigated plots. 

The relations found between the severity of root rot and carbohydrate 
concentrations in the root bark are shown (fig. 1) by graphing carbohydrates 
and root rot, the latter being expressed as the percentages of living plants 
which died during the successive periods of the experiment. Root rot first 
makes its appearance in cotton fields in the summer as scattered dead or 
wilted plants. As these centers of infection, and new ones, enlarge concen¬ 
trically, it is the plants on the peripheries that are subject to attack. As the 
peripheries become longer, increasing numbers of live plants are in positions 
to be attacked, but as the margins of adjacent dead areas come together, 
the trend in the number of plants subject to attack may be reversed. 

Irrespective of whether the spread of the fungus from plant to plant is 
primaril^flong overlapping roots or by the growth outward of the fungus 
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through the soil, cotton roots provide the organic substrate, and the spread 
of the fungus is largely limited by root spread. The rate of spread of the 
disease is thus dependent, among other conditions, upon the availability of 
the organic substrate provided by the cotton roots and the suitability of this 
root material for the fungus. The measurement of this suitability (disease 
resistance) can be made fairly direct in the case of plants that are growing 
in pots where the days from inoculation to death can be measured; measure- 



to so » n 29 t It 

JULY AUGUST SCPTCtm* 


Fig. 1 . Carbohydrate levels, severity of phymatotriehum root rot, soil moisture, 
rainfall, and irrigation during the 1944 experiment. 

ment cannot be so direct in the field, however, for there are no means for 
determining the time lapse between infection and death. 

Notwithstanding these difficulties of measurement, a general inverse 
relation is shown (fig. 1) between differences in carbohydrate levels in the 
plants and differences in root rot between (1) the unfertilized irrigated and 
manured irrigated plots and (2) between these two treatments and the two 
dry treatments considered collectively. There was as little root rot in the 
dry plots with manure as in those without manure, but there were much 
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lower carbohydrate levels in the former. The effects of the manure can be 
considered in this connection. 

Various investigators have found manuring to be one of the most effec¬ 
tive means of controlling root rot. As reported by King and Loomis ( 6 ) a 
10-ton application of manure to irrigated plots in Arizona resulted in much 
lower percentages of death until mid-August, but later the rate of spread 
was as great in the manured as in the check plots; presumably by this time 
the decomposition of the manure had proceeded to the point that it no longer 
supported competitive or antibiotic organisms. In the present experiments 
the data show no evidence that the 6.5 tons of manure provided antibiotic 
protection against root rot in the wet plots, but this was not necessarily the 
case in the dry plots. The manure decomposed rapidly in the wet plots, 
but a good bit of it was still in evidence in the dry plots in late September. 

TABLE IV 


Percentage change as a result of drought and manure on root-bark 
CONSTITUENTS AND ROOT ROT IN 1944- FACTORIAL SUMMARY 


Item 

Drought* 

Manure t 

Root-bark constituents: 

% 

% 

Hexose . 

18.8$ 

2.8 

Sucrose . 

23.5* 

0.0 

Starch . 

91.0$ 

-26.3$ 

Total CHO . 

41.9$ 

- 9.9 

Total nitrogen . 

42.0$ 

3.2 

Moisture . 

- 6.1$ 

1.4$ 

Weight . 

-31.0$ 

10.8$ 

Root rot . 

- 80.0$ 

0.0 


* Determined by the difference between the means of wet and dry treatment results. 

t Determined by the difference between the means of unfertilized and manured treat¬ 
ment results. 

} Statistically significant by odds of 19 to 1. 

§ Statistically significant by odds of 99 to 1. 

In other words the lower root-rot mortality in the dry-manured plots than in 
the dry plots without manure—relative to carbohydrate levels—could have 
been due entirely to the antibiotic effects of the manure. 

There remain for consideration relations between the rates of plant death 
•and variations in carbohydrate levels as found at the four sampling dates. 
The carbohydrate levels found on August 9 and 11 were higher than subse¬ 
quently and there was a correspondingly lower mortality rate in the irri¬ 
gated plots in early August. It is doubtful, however, that any significance 
can be attached to this relationship. The four sets of samples were suffi¬ 
cient to establish the relative levels of carbohydrates under the four treat¬ 
ments, but the four collection dates do not necessarily reflect variations in 
carbohydrate levels between sample collections. Furthermore, the method 
employed for, representing resistance to root rot by rate of plant deaths 
cannot ^ expected to reflect accurately day-to-day changes in resistance. 
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Growth op fungus into soils op varied moisture content 

Concurrently with the establishment of Phymatotrichum omnivorum on 
and in a cotton root, liyphal wefts grow forward along the root, etching the 
epidermis some distance in advance of actual invasion. The root-rot fungus 
probably makes its most rapid advance from plant to plant along roots, but 
it is also certain that there is a substantial outward growth through the soil 
that results in the establishment of the fungus in nearby roots. Irrespective 
of the main avenue of advance, it is reasonable to expect that the growth of 



Fio. 2. Paih giowth rate of P. omnivorum from a moist substrate (across a quarts* 
sand bridge) into soils of varied moisture content. 

this fungus, unless it be effectively protected against evaporation by a coat¬ 
ing of suberin-1 ike materials or by a physico-chemical mechanism for water 
retention, would be greatly influenced in its growth by the tension of the 
soil moisture. If in dry soils the root-tissue substrate provides most or all 
of the moisture required for growth, and water loss from the mycelium to 
the soil occurs very freely, then water movement from the tissue substrate 
through the strands and hyphae would have to proceed with great rapidity. 
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In the light of the cellular structure of this fungus, it is difficult to under¬ 
stand how a very rapid movement of water could occur. In any event a 
need is indicated for evidence of the ability of the fungus to grow from a 
moist substrate into soils with high moisture tensions. 

An experiment was undertaken for the purpose of measuring the rate of 
growth of the fungus from a moist substrate into soils of varied moisture 
content. Both the means adopted for the measurements and representative 
results are illustrated (fig. 2). The importance of the information relative 
to one of the major considerations of this paper is fairly obvious. If the 
growth of this fungus be sharply restricted as soils become dry, even though 
provided with a source of moisture in root tissues, there could be little prog¬ 
ress of the disease. This would be the case whether or not the plant, through 
the consequences of its own reactions to low soil moisture, had developed a 
high degree of resistance. 

The Houston Black clay employed for the experiment had a moisture 
equivalent of 30.9 %. Aliquots of this soil were adjusted to four moisture 
percentages by water additions and sieving. Each of the soils was slowly 
added, with a substantial loss of moisture, to glass tubes 15 mm. in diameter 
and approximately 60 cm. long to a depth of 43 cm., while the bottoms of 
the tubes were tapped sharply on the surface of a table. On top of the soil 
there were added in sequence: 4 cm. of coarse quartz sand (to prevent 
capillary movement), 3 cm. of dry soil, 25 moistened sorghum seeds, 3 cm. 
of dry soil, 10 sorghum seeds, and lastly 4.5 ml. of water and a cotton plug. 
After standing upright overnight the tubes were autoclaved for one hour on 
two successive days and inoculum then added on top of the upper seeds. 
The tubes were finally filled to the plugs with sterile sand. Neither the sand 
nor the cotton plugs provided adequate protection against evaporation; at 
the end of the experiment the outer half of the moist soil above the sand 
bridge was found to be drier than the inner half. Some vapor movement 
from the wet soil into the lower soil was likewise indicated. The approxi¬ 
mate initial moisture percentages for the soil in place in the tubes are the 
rounded values found for the 7-day to 9-day segments at the end of the 
growth period (table V). There were four tubes for each of the four mois¬ 
ture levels. 

Sterile methods were necessary to prevent the decomposition of the 
sorghum-seed substrate by organisms other than P. omnivorum. The tubes 
were kept on their sides in a transfer room at 28° C. during incubation and 
while the daily growth measurements were being recorded. Measurements 
were referenced to a crayon mark that located the position of the fungus in 
the soil on the first morning after it had grown through the sand bridge. 
This date was not the same for all tubes. 

There was little difference in the rate of growth of the fungus into soils 
A and B with respectively 27% and 23% of moisture (table V). The 
growth ratfe in the C tubes, which contained initially 20% moisture was 
70% qf that in the A and B tubes. Growth in the D tubes, with 15% initial 
moisture, was 23% as great as in the A and B tubes. 
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The “first permanent wilting point” and the “ultimate wilting point” 
as determined by the method of Furr and Reeves (5) were for this soil 22.2 
and 18.1, respectively. Knowing these values it is possible to orient roughly 
the soil moisture percentages of the soil used in the various tubes in terms 
of soil moisture tensions. As determined by the pressure-membrane method, 
Richards and "Weaver (10) found the tensions for 24 of the Furr-and- 
Weaver soils at “first permanent wilting” to range from 5 to 13 atmos¬ 
pheres with 14 of these soils in the 7 to 9 atmosphere range. At “ultimate 
permanent wilting” 17 out of 24 of the soils fell within the 20 to 30 atmos¬ 
phere range. 

It is evident that the outward growth of the fungus from a moist sub¬ 
strate was not affected by soil-moisture tensions (the B tubes with 23% 
moisture) approaching, if not exceeding, 5 atmospheres. Growth was re- 

TABLE V 

Growth or Phymalotnchum omntvorum into soils or varied moisture content 

WHEN SUPPORTED BY SORGHUM SEED IN A MOIST-SOIL SUBSTRATE 

RE 

Section 
7-9 D\Y 

% 
27.0 
23.0 
20.3 
15.0 

tarded only 30% by tensions probably in the range of 10 to 20 atmospheres 
in the C tubes that had 20% moisture. The fungus was able to make a sub¬ 
stantial growth into a soil with moisture tensions that may have been well 
in excess of 30 atmospheres—the D tubes with 15% moisture. 

The experiment provides no explanation of the ability of P. omnivorum 
to retain or move its Mater and grow into the drier soils. This ability is of 
special interest because of the fact that the new hyphae had diameters in the 
order of 0.01 mm. The single hyphae advanced ahead of strand formation 
by about one day, and the largest strands and occasional sderotia developed 
three or four days later. 

The foregoing results are largely in accord with earlier measurements 
by Rogers (11) who placed soil (of the same type and collected from near 
where the present soil was obtained) in jars and inserted pieces of infected 
cotton roots. A substantial growth of the fuugus occurred in soil with 
15% moisture, and 25% moisture appeared to him to be near the optimum. 

The fact that P. omnivorum is found to possess a remarkable ability to 
grow from a moist substrate into soils with high moisture tensions bears on 
the observed low incidence of the disease in the dry plots. A greater death 
rate of plants in these plots should have occurred if the direct effects of low 
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soil moisture on the growth of the fungus had been the only-factor retarding 
its spread—either along roots or from the roots of one plant to those of 
another. In other words, a plant resistance factor is indicated as having 
been responsible for a large part of the low root-rot mortality in the unfer¬ 
tilized dry plots of the experiments and, more broadly, in dry years gen¬ 
erally. 

Discussion 

In the investigation (2) that preceded this one it was shown that marked 
changes occurred in the numbers of root-surface saprophytes as carbohydrate 
levels in the root bark were increased; at the higher carbohydrate levels the 
numbers of some types of organisms were increased and others were de¬ 
creased. Inasmuch as P. omnivorvm makes an excellent growth on high 
carbohydrate substrates under sterile conditions, it was concluded that the 
increased resistance was probably the result of the competition or increased 
antibiotic activities of one or more of these root-surface saprophytes and 
the parasitic activity of this root-rot fungus was demonstrated by means of 
experiments with maize. After inoculation with P. otmiivorvm , maize 
plants growing on sterile sand-bentonite substrates were rapidly attacked 
and killed, whereas the roots of maize plants on otherwise similar but lion- 
sterile substrates remained healthy even though paralleled for long dis¬ 
tances by strands of the fungus. 

Data bearing directly on the effects of drought on the root-surface micro- 
floras of cotton plants are not available, but Mitchell, IIooton, and Clakk 
(7) have presented results which show that major changes occurred in the 
numbers of various root-surface organisms with the advance of a summer 
at Greenville, Texas, and further, that some of these variations were ob¬ 
viously due to factors other than the aging of the cotton plants. 

The present data extended to the effects of drought, the earlier showing 
( 2 ) that increased resistance to phymatotrichum root rot results when 
carbohydrate levels are increased by such diverse means as withholding 
nitrogen and defruiting and debranehing both with and without increased 
light intensities. The possibility remains that the changes effected in carbo¬ 
hydrate levels by various means altered or accompanied changes in some 
other constituent of the root bark which was more immediately responsible, 
either directly or via altered antibiotic activity, for changes in resistance. 
It was shown in previous work, however, that the level of total nitrogen in 
the root bark apparently is not involved. 

The equilibriums between sugars and starch are rarely uniform either 
throughout the daily cycle or from day to day. Neither in this paper nor 
in the previous one ( 2 ) has any great effort been made to conclude which 
of the determined carbohydrate components might bear the most direct 
relation to changes in resistance. In a field experiment somewhat higher 
correlation between the number of dead plants and the sum of the sugars 
was ob&uned than between resistance and total carbohydrates. Tables II 
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and VII of the previous paper (2) in which relations between the carbo¬ 
hydrates and root-surface saprophytes of healthy roots were considered, 
present evidence that sugars correlated better than total carbohydrates with 
the changes in the numbers of some, but not all, of the root-surface sapro¬ 
phytes. Prior to actual invasion of the fungus into the root tissue it would 
seem that there might be a more direct effect of sugars on the root-surface 
microflora than of total carbohydrates by reason of possible equilibriums 
between interior and exterior sugar concentrations. During decomposition, 
however, after invasion has occurred, the hydrolysis of less labile carbo¬ 
hydrate and other tissue components is actively in progress. The growth 
of P. omnivorum is primarily dependent upon the substrate provided by 
this decomposing mass of tissue, and during the decomposition many con- 
stitutents contribute to the growth of the fungus and affect also the nature 
and activities of the competing saprophytic microflora. 

Summary 

Phymatotriclmm root rot of cotton has been observed for many years 
to be much less severe in dry than in moist summers. This investigation 
was directed toward the question of whether low plant mortalities duriiur 
periods of drought represent an inability of the fungus, P. cmnvvorum , to 
grow outward from the root substrate to infect neighboring plants or whether 
the disease resistance of the plants is altered by drought. 

Laboratory measurements are presented which show that P. omnivorum 
when supplied with a moist substrate makes almost as rapid a growth out¬ 
ward into soils with moisture percentages within the wilting range as into 
soils with higher moisture percentages. 

During two summers it was found that root rot was far more severe and 
carbohydrate concentrations in the root bark of cotton plants were much 
loAver in irrigated than in dry plots. The inverse parallelism found between 
the severity of root rot and carbohydrate concentrations, as influenced by 
moisture supply, is in agreement with results of previous investigations in 
which carbohydrate levels were altered by such diverse means as limiting 
the nitrogen supply and debranching and defruiting. The data are dis¬ 
cussed briefly in relation to changes found previously in the numbers of 
various root-surface haprophytes when carbohydrate levels were increased, 
and the possible bearing of stimulated antibiotic activity on the results 
obtained. 

The writers are indebted to Neil E. Rigler for his collaboration in pai*t 
of the investigation. 

Bureau op Plant Industry, Soils and Agricultural Engineering 
Texas Agricultural Experiment Station 
College Station, Texas 
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AND INSOLUBLES IN TOTAL SOLIDS OF LATEX 
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W. S. Stewart and R. W . IIi’mmeri 

(with one figure) 

Received September 20, 1946 

Recent studies of the total solids iu latex from the rubber-bearing plant 
Crf/ptostet/ia grandiflora indicated that a linear inverse correlation existed 
between the percentages of rubber hydrocarbons and a crystalline substance 
isolated from the insolubles (1). This stimulated a similar investigation 
into the relationship between rubber hydrocarbons and insolubles in the total 
solids of latex from Ilcvea brasiliensis. 

Accordingly, thirty-four samples of latex from 17. brasiliensis were col¬ 
lected and analyzed for rubber hydrocarbons and insolubles. In these 
samples a wide distribution of rubber hydrocarbons from low to high per¬ 
centages was intentionally sought by bleeding petioles and stems of young 
seedlings as well as trunk-tapping mature trees in production. Except for 
six collections, the latex was air-dried on a glass sheet immediately upon 
exudation. When it was dry enough to allow handling, it was removed 
from the sheet and further dried to constant weight at 60° t\ The dried 
latex, called “latex total solids,” formed the basis on which percentage com¬ 
position was calculated. The six latex samples not dried on a sheet of glass 
immediately after exudation were “rubber biscuits” formed in commercial 
latex collecting cups as remnants of dried latex from the previous tapping. 
All latex samples were collected from April, 1944. to March. 1945, from two 
widely separated locations in Mexico and from two locations in Costa Rica. 
Because of the low latex yields from petioles and seedlings these samples 
were composite collections of from five to forty individuals. The trunk 
latex samples from producing trees of seedling origin were analyzed on an 
individual trees basis. This allowed for more variation between samples 
than if they had been composited. The considerable diversity represented 
by the collections is shown (table 1). 

Duplicate analyses of the total solids for rubber hydrocarbons were 
made by a broraination technique while insolubles were determined gravi- 
metrically (1). By these methods, rubber hydrocarbons and insolubles 
were thus both directly determined. This is an important point since these 
two fractions together constitute a large percentage of the total solids. If, 
therefore, either of them was determined indirectly by difference, an ap- 

i Formerly Plant Physiologist and Associate Chemist, respectively. Division of Rubber 
Plant Investigations, Bureau of Plant Industry, Soils, and Agricultural Engineering, IT. S. 
Department of Agriculture. 
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parent correlation could be indicated though actually non-existent. Ac¬ 
cording to these analytical methods, insolubles in total solids are defined as 
substances which are insoluble in either acetone or benzene; and rubber 
hydrocarbons are benzene-soluble substances which form bromides insoluble 
in 95% ethyl alcohol. 

Prom these analyses, it was found that the percentage of rubber hydro¬ 
carbons was inversely correlated with the insolubles (table. I and fig. 1). 
The correlation coefficient between percentage of rubber hydrocarbons and 



Fig. 1 . Inverse correlation between percentage of rubber hydrocarbons and insolu¬ 
bles in total solids of latex from Hevea brasiliensis . Regression line with standard error 
calculated from 34 analyses. Cross shows average point. 

insolubles was - 0.970. Since these analyses appear to represent a straight 
line relationship, it was possible, by using the method of least squares for the 
computation of regression averages, to calculate the equation : 

R%= 86.6 -0.972 7% 

where, R = rubber hydrocarbons and I = insolubles. The line defined by this 
equation (fig. 1) has intercepts of 86.6 and 89.2 on the rubber hydrocarbons 
and insolubles axes, respectively. The standard error of the estimate was 
± 2.8%. The regression coefficient, -0.972, is significant at the 1% level. 
The corresponding regression coefficient for a similar relationship in latex 
from €. grandiftora was - 0.809. 
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The significance of the inverse correlation between rubber hydrocarbons 
and insolubles in latex from H. brasiliensis is not yet understood. Isolation 
and identification of the substance, or substances, in the insolubles which 
cause the correlation may indicate if this relationship is caused by the pres¬ 
ence of rubber hydrocarbon ‘‘precursor” in the insolubles or by some other 
means. It is clear that the correlation affords a basis for further physiologi¬ 
cal studies on latex rubber formation. The fact that a similar relationship 
exists in the latex from rubber-producing plants of two different botanical 
families may indicate that it is of a fundamental nature. 

The authors thank Da. F. J. Le Beau and Dr. T. J. (! rant for their help 
in making the latex collections in Mexico and Costa Rica. 

University of California 

Citrus Experiment Station 
Riverside, California, \nd 

The Doav Chemic \l Company 
Midland, Miciiiovn 
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The ratio of chlorophyll a to chlorophyll ft has been determined for the 
green tissues of many species of plants. Chlorophyll a usually lies between 
67% & n <l 78% for the normal green tissues of higher land plants (2,10,11). 

In etiolated tissues, however, chlorophyll a has been reported to be formed 
much more rapidly than b, when the plants are first exposed to light, regard¬ 
less of the spectral region employed (8). Although not specifically comment¬ 
ing on this interesting phenomenon, Frank (3) has recently published spec- 
trophotometric data indicating that the same thing holds true for completely 
dark-grown seedlings of Arena byznniium var. sativa, after five-hour ex¬ 
posures to light. It is possible that this early rapid production of chloro¬ 
phyll a may be correlated with the initial presence in dark-grown plants of 
a relatively higher percentage of “protochlorophyll a” than of “protochloro¬ 
phyll ft,” a condition which reportedly exists in pumpkin seeds (9). 

In studies on the production of chlorophyll in A vena sativa (5), the 
authors have observed an almost complete absence of chlorophyll ft in chloro¬ 
phyll extracts obtained from plants irradiated for two or three horn’s with 
visible light. Husked seeds were laid out on wet absorbent cotton and ger¬ 
minated in complete darkness under controlled conditions of temperature 
and humidity. After two and a half days, some of the seedlings were irradi¬ 
ated for two horn’s with monochromatic blue light (4358 A) isolated with a 
Corning polished glass filter #5113, 2 mm. thick, a 5-cm. layer of 1.2% 
CuS() 4 , and a 5-cm. layer of 0.4' t quinine hydrochloride in N/5 HC1. The 
transmissions of the liquid filters have been reported elsewhere (1). Radia¬ 
tion intensity at the level of the plants was approximately 5.5 ergs per mm. 2 
per second. The shoots of the irradiated seedlings and of dark-grown con¬ 
trols were then removed just below the coleoptilar node and ground in pure 
acetone. The acetone extract was centrifuged and the pigments transferred 
to ethyl ether in a separatory funnel. The acetone was removed by succes¬ 
sive washings with distilled water to which a trace of calcium carbonate had 
been added. Extractions were carried out in very dim light and the extracts 
stored in the dark for two days over solid carbon dioxide, until spectroscopic 
studies could be made. 

Absorption spectra were obtained on an automatic recording spectropho¬ 
tometer (6), 1 with the monochromator slit width set at 100 A. Figure 1 
shows the relative absorption per shoot of extracts from completely dark* 

1 Wo are indebted to J)r. Arthur 0. Hardy of the Physics Department of the Massa¬ 
chusetts Institute of Technology for placing this instrument at our disposal and to Dr% 
8. Q. Duntlky for running the absorption curves. 
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grown plants (curve A) and from irradiated plants (curve B) in the spectral 
region not obscured by carotenoid absorption. The differences in these 
curves are due chiefly to the synthesis of chlorophyll during the two-hour 
exposure. The two absorption maxima for the dark-grown extract probably 



Fig. 1. Absorption spectra of ether extracts of A vena shoots and of pure chloro¬ 
phyll a in ether. Curve A: extract from 429 dark-grown plants; Curve B: extract from 
458 plants exposed for two hours to monochromatic blue (4358 A) light at a radiation 
intensity of approximately 5.5 ergs/mm.s/sec. The plants in the two groups were of 
comparable sise; the data are expressed as relative absorption per plant. Curve C (broken 
line) : pure chlorophyll a (4). 

represent the Absorption of ‘‘protochlorophyll’’ (6250 A) (7) and of chloro¬ 
phyll a (6670 A). The positions of three of the absorption maxima for the 
extract from irradiated plants at 6640 A, 6180 A, and 5800 A are in close 
agreement with those for pure chlorophyll a, although there appears to be 
a shift toward the red of about 40 A. The absorption spectrum of pure 
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chlorophyll a, isolated from spinach by the senior author (4) following the 
method of Zscheilb and Comar (12), was obtained on the same spectropho¬ 
tometer and is shown for comparison in figure 1 (broken curve C). The 
maxima for this preparation at 6600 A, 6140 A, and 5760 A coincide with 
those previously reported ( 12 ). 

There is no shoulder in the absorption curve for the extract from irradi¬ 
ated plants at 6425 A, the region of the chlorophyll 6 absorption maximum 
( 12 ), which would be expected, if appreciable quantities of this component 
were present. To check whether traces of chlorophyll b might be present, 
another acetone extract from 270 plants irradiated for three hours was 
centrifuged, and the pigments transferred to petroleum ether (b.p. 35° to 
45° C.). The petroleum ether solution was washed repeatedly with distilled 
water to which a trace of calcium carbonate had been added, dried over 
anhydrous sodium sulphate, and filtered onto a small adsorption column of 
powdered sucrose 2 cm. in diameter and 15 cm. high. The chromatogram, 
which was developed for three-quarters of an hour with petroleum ether, 
showed but a single blue zone above the carotenoids, no green chlorophyll b 
zone being in evidence. The chlorophyll band was mechanically removed 
and the pigment eluted with 10 ml. of ethyl ether. Two milliliters of the 
ether extract were diluted with 18 ml. of acetone, and the fluorescence of the 
solution, when irradiated with blue (4358 A) and violet (4047 A) light was 
measured on a Klett fluorimeter-colorimeter. 2 The ratio of the fluorescence 
in the violet to that in the blue was 0.175. This value is nearly that obtained 
for pure chlorophyll a (0.182 ± 0.0121. and not that obtained for chloro¬ 
phyll b (0.051 ± 0.001). Details of the fluorescent behavior of chlorophylls 
a and b and mixtures of these two components will be given elsewhere (4). 

It is concluded that virtually no chlorophyll b is formed in oat plants 
during the first three hours of exposure to blue light. 

PKI’AKTMF.NT of Botant 
Connecticut Coli.eoe 

New London, Connecticut 
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NOTES 


The Boston Meeting.—The twenty-first annual meeting of the Ameri- 
eau Society of Plant Physiologists was held in Boston, December 27-30,1946. 
Five joint sessions of the American Society of Plant Physiologists and the 
Physiological Section of the Botanical Society of America were held. Sixty- 
three papers were presented in addition to the three symposia. One sym¬ 
posium was given at each of the following meetings: Section G of the 
A.A.A.S. on Friday. December 27, Section O and the A.S.H.S. on Saturday, 
December 28, and Section O on Monday, December 30. The meetings were 
all well attended and the papers were of more than usual interest. The 
Saturday symposium on plant respiration was especially well received by a 
large audience. At the annual meeting of the Council of the American 
Association for the advancement of Science held in Boston, Dr. Walter F. 
Lochwing was elected Vice President of the A.A.A.S. and Chairman of Sec¬ 
tion (1 for Botanical Sciences for 1947. 

The Plant Physiologists’ Dinner with Dr. B. M. Duggar presiding was 
held at tin* Vendoinc Hotel on Friday evening, December 27 and was at¬ 
tended by 152 persons. The retiring president’s address by Dr. Paul J. 
Kramer was entitled, “A Viewpoint for Plant Physiologists,” in which he 
stressed the importance of cooperation between research workers in funda¬ 
mental and applied physiology. Recipients of the Charles Reid Barnes 
Award and the Stephen Hales Award were announced. 

An Executive Committee meeting preceded the business session of the 
Society held on Monday afternoon, December 30 in order to prepare the 
agenda for presentation. Several constitutional changes relative to cor¬ 
responding members and the Program Committee were approved for pres¬ 
entation to tin* membership in March by mail ballot. These concern the 
privilege of corresponding members to receive the journal, as well as the 
bulletins, without charge. It was also recommended that the Secretary act. 
as Chairman of the Program Committee. Questions as to the time and place 
preferred for the next meeting of the Society, as well as to membership 
reaction to present and proposed National Science Foundation bills will be 
presented in the mail ballot. 

The Stephen Hales Award.—Dr. Burton Edward Livingston, Professor 
Emeritus of plant physiology at Johns Hopkins University, was awarded 
the Stephen Hales Award. Dr. Livingston was born February 9, 1875 in 
Grand Rapids, Michigan. He received the B.S. degree from the University 
of Michigan in 1898 and the Ph.D. from the University of Chicago in 1901. 
Since his graduation Dr. Livingston has been active in the field of plant 
science, not only as an instructor and research worker, but also as a leader 
in many of the professional organizations of the country. He was elected 
to the first Barnes honorary life membership of the American Society pf 
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Plant Physiologists, and has served in the Society as its President, member 
of the Executive Committee, and member of the Editorial Board. 

Release from teaching responsibilities upon retirement from his pro¬ 
fessorship in 1940 has permitted Dr. Livingston to turn his undiminished 
energy even more effectively to the improvement of professional organiza¬ 
tions of importance to all scientists. His many years of executive work in 
the American Association for the Advancement of Science and numerous 
other professional organizations constitute a remarkable record of public- 
spirited service. 

Dr. Livingston has been a pioneer investigator into the primary water 
relations of plants and inventor of many of the procedures which are stand¬ 
ard in that field. Over the past half century he, through his students and 
through his own personal efforts, has had a remarkably great influence on the 
progressive development of plant physiology in this country. 

The American Society of Plant Physiologists is proud to link the name 
of Stephen Hales, Father of Plant Physiology, with that of one who has 
made an equally great contribution. It was with a deep sense of fitness 
that the Society conferred upon Dr. Burton Edward Livingston the Stephen 
Hales Award. 

The Charles Reid Barnes Award.—Dr. Edwin Cyrus Miller. Professor 
Emeritus of plant physiology at Kansas State College, was awarded the 
Charles Reid Barnes Life Membership. Dr. Miller was born December 16. 
1878 near Baltimore, Ohio. He received the B.S. degree in 1904 and the 
A.B. degree in 1906 from the old National Normal University at Lebanon, 
Ohio. From Yale University he received an A.B. in 1907 and the Ph.D. in 
1910. Since that time Dr. Miller has been a member of the staff of Kansas 
State College and of the Kansas Agricultural Experiment Station. Prior 
to his retirement last year, Dr. Miller served two years as acting head of the 
Department of Botany and Plant Pathology. 

For forty years Dr. Miller has worked untiringly upon problems of plant 
physiology, especially those associated with cereal crops. His work has 
been remarkable for the thoroughness and care with which it has been 
brought to completion. Plant physiologists are indebted to Dr. Miller for 
many important contributions to the knowledge of water relations and 
carbohydrate metabolism, particularly as they apply to the corn plant. 

Dr. Miller’s book, “Plant Physiology,” which appeared first in 1931 with 
the yevised edition in 1938, has provided an outstanding text with extensive 
bibliographies for advanced classes, graduate students, and research 
workers in all parts of the world. 

Dr. Miller has served as President of the American Society of Plant 
Physiologists and as a member of the Editorial Board of the journal, Plant 
Physiology. He is a member of Sigma Xi, Phi Beta Kappa, Phi Kappa 
Phi, AA.A.S. .(Fellow), Alpha Zeta, Gamma Sigma Delta, and Farm House 
Fraternity. 
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In recognition of Dr. Miller’s outstanding,accomplishments, the high 
standards of his professional achievements, and his tenacity in search of 
answers to technical problems, the American Society of Plant Physiologists 
presented to him the Charles Reid Barnes Life Membership Award for 1946. 
With this award go the Society’s sincere wishes for many happy years of 
active and creative work. 

Mechanisms of Reactions at Carbon-Carbon Double Bonds.— Charles 

C. Price. Interscience Publishers, Inc., 215 Fourth Avenue, New York 3, 
New York. 120 pages. $2.50. 

Manuring of Cotton in India.—V. G. Panse. Indian Central Cotton 
Committee, Bombay, India. 63 pages. $1.50. 

This book is a report of the results of cotton manurial trials carried out 
in India over a period of years with suggestions for future experiments. 
Panse, Statistician, Cotton Genetics Research Scheme, Indore, has presented 
the material in a logical way, including figures and tabulated data. 

Books and World Recovery.—The desperate and continued need for 
American publications to serve as tools of physical and intellectual recon¬ 
struction abroad has been made vividly apparent by appeals from scholars 
in many lands. The American Book Center for War Devasted Libraries 
has been urged to continue meeting this need at least through 1947. The 
Book Center is therefore making a renewed appeal for American books and 
periodicals—for technical and scholarly hooks and periodicals in all fields 
and particularly for publications of the past ten years. We shall especially 
welcome complete or incomplete files of Plant Physiology. 

The generous support which has been given to the Book Center has made 
it possible to ship more than 700,000 volumes abroad in the past year. It 
is hoped to double this amount before the Book Center closes. The books 
and periodicals which your personal or institutional library can spare are 
urgently needed and will help in the reconstruction which must preface 
world understanding and peace. 

Ship your contributions to the American Book Center, c/o The Library 
of Congress, Washington 25, D. C., freight prepaid, or write to the Center 
for further information. 
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IN MEMORIAM 


FREDERICK FROST BLACKMAN 
July 25, 1866-January 30, 1947 

Frederick Frost Blackman, M.A., D.Sc. (London), F.R.S., Fellow of 
St. John’s College, Cambridge, and formerly Reader in Botany in the Uni¬ 
versity of Cambridge, was born on July 25, 1866, and died at his home in 
Cambridge, England, on January 30, 1947, in his 81st year. 

The name of F. F. Blackman has long been familiar to every student of 
botany as one of the most distinguished plant physiologists of his time and 
he is assured of a permanent place in the history of that branch of botanical 
science to which he devoted his life and to which he, and the school of thought 
he founded and led, have contributed so much during the past half century 
or so. Although F. F. Blackman spent the whole of his scientific career at 
Cambridge (entering as an undergraduate in 1887, appointed Demonstrator 
in Botany in 1891, and later serving as Lecturer and Reader from 1904 to 
1936) his influence so permeates the development of plant physiology in his 
time that his story belongs in a measure to plant physiologists everywhere. 
He received the Fellowship of the Royal Society of London in 1906, was 
President of Section K (Botany) of the British Association in 1908, received 
other honors and distinctions including a Royal Medal of the Royal Society 
in 1926, and was President of the Section of Plant Physiology at the Inter¬ 
national Botanical Congress of 1930. Recognizing this, the American So- 
cietv of Plant Physiologists elected him their first foreign Corresponding 
Member in 1932, and in 1934 awarded to him the Charles Reed Barnes Life 
Membership. Thus while Plant Physiologists everywhere take note of the 
passing of a great pioneer of their'Science, the American Society op Plant 
Physiologists is proud that lie may be counted among its most distinguished 
members. 

To appraise the work and influence of F. F. Blackman one must look 
beyond the papers which bear his name, important as these were and are. 
His great contribution must be seen in perspective against the unfolding 
history of botany in his time. The strangely intermittent milestones in the 
early history of plant physiology in Britain are associated with particular 
names, familiar to every student, as those of Nehemiah Grew, Stephen 
Hales, Josepit Priestley, T. A. Knight, and Francis Darwin. F. F. 
Blackman, however, did something more over and above the discoveries 
identified with his name for he created the first school of plant physiology 
in England in the modern tradition. The significance of the life and work 
of Blackman lies in the fact that he stimulated in England a new outlook 
on plant science as he led the way in applying quantitative experimental 
methods to the investigation of complex physiologcal processes and in for- 
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mulating interpretations through the application of physico-chemical rea¬ 
soning. 

In a measure Blackman was the product of his time; his greatness lies 
in the fact that he responded to its challenge. The impetus of the great 
renaissance of biology as a practical laboratory science under Huxley at 
South Kensington in the 70’s had been carried over into botany by Thisel- 
ton-Dyer and by S. H. Vines. It is perhaps hard for contemporary teach¬ 
ers to appreciate that even in a country with such an ancient academic tradi¬ 
tion as England, practical tuition in botany in the modern sense was 
unknown prior to the 70’s, and plant physiology as a practical laboratory 
science literally did not exist. Drawing much of his stimulus from the 
great German physiologist Sachs, Vines was the first advocate of the new 
practical and experimental outlook on botany at Cambridge and in 1883 he 
was elected to the newly created post of Reader in Botany. Vines also 
compiled the first distinctively English textbook on the Physiology of Plants 
and seemed destined to found at Cambridge the School of Plant Physiology 
which did not come fully into being till later, for Vines left Cambridge in 
1888 to become Professor of Botany at Oxford. The Readership as well as 
the fostering of the first practical teaching of Plant Physiology in the 
Botany School at Cambridge then devolved upon Francis Darwin. In the 
year 1881, as Dr. F. F. Blackman is quoted by F. 0. Bower as saying, 
“Plant Physiology may be said to have crystallized out in its pure form from 
the general solution of mixed botanical knowledge,” for in ths year the first 
edition of Pfeffer’s textbook appeared. This was the plant physiological 
scene which awaited F. F. Blackman. He was appointed Demonstrator 
under Francis Darwin in 1891 and later succeeded him to the Readership, 
a post he held until 1936 when he was in turn succeeded by one of his own 
colleagues and students, Dr. G. E. Briggs. 

Thus the life and active career of F. F. Blackman spans almost the 
entire modern period of plant physiology in England. Due to his example 
and the prestige enjoyed by the school which grew up around him, Plant 
Physiology in England emerged as a branch of botanical thought and 
discipline worthy to take its place beside the more ancient and firmly estab¬ 
lished scientific traditions. We shall probably not see his like again for 
the historical setting which presented him with his opportunity and its 
challenge will not again return. For the high standards of scholarship 
which Blackman maintained during this formative period, and the delib¬ 
erate, calm judgment which pervaded his written works, the science owes 
him a deep debt of gratitude. Increasingly as the years passed, and until 
1936, graduates and graduate students came to be influenced by his teach¬ 
ings, m$ny of them destined to attain eminence and to occupy Botanical 
Chairs and official positions in England, the Dominions, and in the Empire. 
Thus it{ may be said that, from the turn of the century, F. F. Blackman, as 
no othitt man, influenced the trend of the subject in the English speaking 
world. 
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Blackman leaves no great textbook on the pattern of Pfeffer or Sachs. 
The actual physiological papers which bear his name are relatively few for 
so long and so important a career. Plant physiologists are likely to forget 
that in his earlier years Blackman wrote with authority on the classifica¬ 
tion and phylogeny of the algae and this interest in algae overlapped the 
absorbing interest of his career in a discussion of “chromatic adaptation.” 
However, two main series of papers reveal his physiological work and his 
influence even when he was not avowedly an author. The first of these 
series began with his own pioneer work and under the series title “Experi¬ 
mental Researches on Vegetable Assimilation and Respiration” appeared 
in twenty-one successive parts from 1895 to 1933. The other, entitled 
“Analytical Studies in Plant Respiration,” appeared in seven successive 
parts from 1928 to 1937. These two series go far to tell the story of the 
Cambridge School of Plant Physiology under F. F. Blackman and, insofar 
as he leaves a written legacy, we find it here. However, Blackman was 
always deliberate in his writing and it is common knowledge in Cambridge 
and in England that much original work done at Cambridge during his 
period of tenure never reached the stage of publication. This loss to the 
larger community of plant physiologists can only be offset by the ealm, 
matured judgment that pervades all the papers prepared under the in¬ 
fluence of Blackman ’s mind. 

Reading his papers one is struck with the clarity of his formulations 
and his ability, where necessary, to rise above the tedious detail out of 
which great conclusions must often arise. Withal he maintained a dignity 
of style and language often lacking in our modern reporting of experimental 
findings and theoretical conclusions. In rereading these early works one 
comes unexpectedly across occasional touches which seem to carry down 
the years a breath of the Victorian and Edwardian England in which 
Blackman moved and worked. His first published papers, communicated 
to the Royal Society of London by Francis Darwin in 1884, were really 
extended notes anticipating by a year in the Proceedings fuller presenta¬ 
tions in the Philosophical Transactions. These notes and papers described 
“A New Method for Investigating the Carbonic Acid Exchange of Plants” 
and its application to an investigation “On the Path of Gaseous Exchanges 
between Aerial Leaves and the Atmosphere.” 

In this first work the method was one which was to be repeated several 
times as the long series unfolded. First a careful elaboration of a new 
technical procedure, with painstaking attention to detail, the technique was 
thoroughly evaluated and carefully described followed by the presentation, 
in an accompanying paper, of the mature investigation as it was finally 
carried out. For its time Blackman’s first apparatus was unusually elabo¬ 
rate, but he disarmingly states that: ‘ ‘ Simplification of technique by com¬ 
plication of apparatus has been the guiding principle and the result is that, 
although the whole consists of at least eight separate pieces of apparatus, 
many of them being further in duplicate and all connected together by a 
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plexus of tubes, yet the working is so automatically arranged that the 
operator, beyond reading the burettes and occasionally working a finger 
bellows, has nothing to do but turn stopcocks.” 

Blackman showed how by his new technique he could determine the 
carbon dioxde absorbed or released by a small area of a leaf surface or by 
a single seed and how he used the method to test whether gas exchange 
occurred through stomata or through the cuticle. Quantitative data were 
critically marshalled to show that both C0 2 evolved in the dark and assimi¬ 
lated in the light passed predominantly through the stomata. The cuticular 
theory had been advocated by Boussingault who found that “leaves of 
Neriurn oleander assimilated less when the upper astomatiferous surface 
had been coated with an unguent than when the lower stomatiferous surface 
had been so coated.” Blackman showed conclusively that Boussingault ’s 
conclusion flowed from his use of such high concentrations of C0 2 (30%) 
that when this penetrated freely through the open stomata it inhibited 
assimilation whereas in the leaf with stomata almost completely blocked, 
the internal concentraton still allowed assimilation to proceed. 

The two subsequent papers in the series published in 1904—1905 recorded 
work of Miss Matthaei on the effect of temperature and illumination on the 
assimilation of carbon dioxide by leaves of cherry laurel (Prunus lauro- 
cerasus) and Jerusalem artichoke (Helianthvs tuberosus). Here the em¬ 
phasis was upon the interacton of the various factors which affect photo¬ 
synthesis and upon the fact that under conditions of natural illumination 
it is the carbon dioxide concentration of the atmosphere which controls the 
rate of assimilation. Doubtless this phase of the work prompted Black¬ 
man’s most famous dictum, enunciated as the Principle of Limiting Factors 
in 1905 in the Annals of Botany (p. 289), in the following stately passage: 
“When a process is conditioned as to its rapidity by a number of separate 
factors the rate of the process is limited by the pace of the slowest factor”; 
and again, “When the magnitude of a function is limited by one of a set 
of possible factors, increase of that factor, and of that one alone, will be 
found to bring about an increase of the magnitude of the function.” It 
matters little whether or not later investigators believe that the principle 
holds as rigidly as originally conceived. The importance of the principle 
so simply enunciated lies in the guidance it gave to the analysis and inter¬ 
pretation of experimental data obtained on systems upon which two or more 
variables interact. 

It would be tedious to recapitulate the familiar trend of these researches. 
The series included papers by Thoday ; with A. M. Smith on photosynthesis 
in submerged aquatics; by Briggs, on the development of photosynthesis in 
seedlings (a subject studied earlier in Blackman’s laboratory with reference 
to etiolated seedlings by Miss Irving) ; by Wilmott, who elaborated and 
improved upon the familiar bubble counting technique with Elodca; by 
Maskell, who investigated diurnal rhythm in the assimilation of leaves 
and made h critical study of assimilation in relation to stomatal opening; 
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by James, who reinvestigated the dependence of photosynthesis upon carbon 
dioxide supply using submerged waterplants; and again by Briggs, upon 
the energetic efficiency of photosynthesis in green plants. Blackman’s 
recognition of slowly progressing thermal or “dark” reactions in photosyn¬ 
thesis which at high light intensity or high carbon dioxide concentrations 
cause the rate of the overall process to respond to temperature as do chemi¬ 
cal reactions is acknowledged by the now general use of the term “Blackman 
Reaction” to describe this aspect of carbon assimilation. 

Analytical studies in plant respiration opened with three papers; two 
in collaboration or association wth Parija and one by P. F. Blackman him¬ 
self. The new series devoted a great deal of attention to the respiratory 
behavior of whole, stored apples and, later, of potatoes. The staple tech¬ 
nique was again the determination of respired carbon dioxide. The time 
drifts in the respiratory behavior of stored apples were revealed as well as 
the changes which ensue when apples are transferred from air to oxygen 
or nitrogen. On this and similar evidence Blackman formulated a gen¬ 
eral scheme of plant respiration and enunciated his concept of “Oxidative 
Anabolism.” This was a device to explain the relation between the carbon 
dioxide evolved in air and in nitrogen. Accepting that the path of carbo¬ 
hydrate breakdown is probably common to both aerobic and anaerobic 
respiration (at least as far as three carbon intermediates), Blackman 
postulated that in air part of these intermediates are metabolized to carbon 
dioxide and water and part resynthesized to products which become re- 
available for respiration. In nitrogen, on the contrary, the whole of the 
three carbon intermediates are utilized to form the products of fermenta¬ 
tion. In this concept Blackman followed, or was influenced by, the similar 
views expressed by Meyerhof for muscle and yeast, though it must be con¬ 
fessed that the supporting body of biochemical evidence for the systems 
with which he was concerned was not strong. Blackman’s concept of 
“Oxidative Anabolism,” like the Meyerhof view, has not passed unchal¬ 
lenged and in particular its generality has been called into question. How¬ 
ever, this brings Blackman’s contributions close to the more controversial 
fields of the present day. The practical science he did so much to foster 
has moved far from the days when exact measurements of overall gas ex¬ 
change had yet to be made in order that the problems and processes of plant 
respiration and photosynthesis could be visualized. Other hands and minds 
must now thread the way through the often bewildering maze 1 of enzymes 
and substrates, coenzymes and eofactors, phosphorylations and dephosphorv- 
lations, and the sequence of interlocking cyclical processes which seem neces¬ 
sary to explain the biochemistry of these vital processes. P. F. Blackman 
cleared the way for this task; it will be the simpler because he built so 
surely. 

But what manner of man was F. F. Blackman? Only those who 
enjoyed close contact with him are entitled to speak here though it is evi- 

i What Blackman referred to in 1903 as “a congeries of enzymes, a colloidal honey¬ 
comb of katalytic agents. . . .** 
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dent that only a mind of great strength and a rare spirit could have exerted 
so profound an influence over the long succession of students, collaborators, 
and colleagues. Perhaps we may be permitted to quote from one who 
knew him and who writes: “He lived a full and balanced life; his devotion 
to science did not prevent him from cultivating other interests which in¬ 
cluded music, architecture, and painting. To problems in all spheres 
Blackman brought a calm and dispassionate mind and a habit of careful 
and patient discrimination. There was an unobtrusive strength in his 
personality which seemed to derive from the blending of wisdom, subtlety 
of perception and gentleness. 

“Blackman was a great teacher as well as a gifted investigator and he 
linked closely together the two functions of teacher and research. His ad¬ 
vanced lectures were based largely upon experimental results obtained in 
his own school and many of these were (and still remain) unpublished. 
Each lecture was a perfect presentation in which Blackman succeeded in 
imparting to his hearers a point of view as well as an ordered array of 
facts illustrating a particular theme. To attend his lectures was a privilege 
never to be forgotten and an experience which formed an important part of 
the discipline of the school of research which grew up under his inspiration. ” 

The American Society op Plant Physiologists therefore joins with 
botanists and plant physiologists everywhere and pays its tribute to the 
memory of Dr. F. F. Blackman, a great pioneer in the modern experimental 
approach to the study of plants and plant behavior. 

The Editor is indebted to Dr. F. C. Steward and the Memorial Com¬ 
mittee of the Society for the preparation of this memorial biography. 
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In general, the experimental procedure used to determine the availabil¬ 
ity of nitrate or ammonium ions to plants has involved culture solutions that 
provide but one of the two ions. In experiments of this sort in recent years, 
care has been taken to maintain the pH of the solution within a range found 
appropriate for absorption by plants. The work in this field by Dr. J. W. 
Shive and his associates at the New Jersey Agricultural Experiment Station 
has been outstanding; Tiedjens and Robbins (11), for example, have shown 
that tomato and soybean plants grown at pH 7.9 in ammonium salt culture 
solution, or at pH 4.0 in nitrate solution, were almost equally well developed. 

The effect upon the detailed chemical composition of tomato plants grown 
under the two conditions has been studied in this laboratory by Clark (2), 
who observed that the organic acid content of leaves and stalks was greatly 
depressed in plants grown in ammonium salt solution as compared with 
those grown in nitrate solution. Protein and several soluble nitrogenous 
components were, on the other hand, increased in the plants grown on am¬ 
monium salts, the production of glutamine in particular being enormously 
stimulated. Detailed comparison of the effects of the two different nutrient 
conditions was made difficult, however, by the fact that the plants grown 
with ammonium salts were much smaller than those grown with nitrate, 
although both were setting fruit at the time of harvest. 

In order to follow more closely the effect upon tissue composition of 
nitrate versus ammonium salt nutrition, it is desirable to grow the plants 
in a series of culture solutions of similar over-all composition, but with the 
relative proportion of nitrate to ammonium ions varied in regular steps 
from all-nitrate nitrogen to all-ammonium nitrogen. Such an experiment 
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was carried out a few years ago in this laboratory upon the tobacco plant 
(16). Plants grown on a culture solution 20% of the nitrogen of which 
was present as ammonium ion (the balance as nitrate ion) were stimulated 
with respect to those that received all of their nitrogen as nitrate ion, being 
larger and better developed. Plants that received 40% and 60% of their 
nitrogen as ammonium ions were approximately of the same size as the 
all-nitrate plants, as measured by the organic solid content, and could there¬ 
fore be closely compared with respect to chemical composition. Plants that 
received 80% and 90% of the nitrogen as ammonium ions were successively 
smaller; nevertheless, the data for composition in terms of grams per plant 
fell upon smooth curves when plotted against the composition of the culture 
solution, and comparisons upon a concentration basis of any of the com¬ 
ponents were apparently valid throughout the series. 

As in the case of Clark’s experiments with the tomato plant, the out¬ 
standing differences, as the relative proportion of the nitrogen supplied as 
ammonium ions increased, were in the composition with respect to organic 
acids and in certain of the soluble nitrogenous components. Organic acids 
decreased in amount per plant and in concentration, especially in the case 
of malic acid, to a fraction of that present in the nitrate plants; distribu¬ 
tion of the organic acids also varied greatly. In short, plants grown with a 
high proportion of the nitrogen supplied as ammonium salt were, in many 
details of their chemical composition, entirely different from those grown 
with a high proportion of nitrate. These results suggest the importance, in 
connection with the present investigation of crassulacean plants, of study¬ 
ing the effect upon the organic acid composition of the step by step replace¬ 
ment of nitrate in the culture solution by ammonium salts. Plants of this 
family differ from the more thoroughly investigated species such as tomato, 
tobacco, and rhubarb, not only in over-all organic acid composition but also 
in diurnal variation in organic acid content. They therefore possess an 
unusually active organic acid metabolism. 

This report contains results of the analysis of leaves and stems of Bryo- 
phyUum calycinum plants grown with the aid of a series of culture solu¬ 
tions, the first of which provided all nitrogen as nitrate ion, the second and 
third, 50% and 75%, respectively, of the nitrogen as ammonium ion (the 
balance being nitrate ion), and the last of which provided all nitrogen as 
ammonium ion. The other components of the solutions were held constant, 
the sulphate ion alone being increased in proportion to the increase in am¬ 
monium ion. In addition, the effect of a potassium-deficient culture solu¬ 
tion was studied in order to see what, if any, influence the lack of an ade¬ 
quate supply of potassium would exert upon the composition of the tissues. 
This solution contained about 14% of its nitrogen as ammonium ion, the 
balance as nitrate. 

Growth of the plants 

Culture solutions were prepared with the composition shown in table I. 
Stock solutions of each of the salts were provided in 0.5 M concentration 
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TABLE I 

COMPOSITION OP CULTURE SOLUTIONS. (FIGURES ARE MOLARITt OP THE SOLUTION AS USED) 


«iTTVi 

Percentage of nitrogen as ammonium nitrogen 

Potassium- 


0% 

50% 

75% 

100% 

deficient 

kh 8 po 4 . 

Ca(NO,) 3 . 

0.001 

0.00225 

0.0031 

0.0031 

0.0031 

0.0021 

MgS0 4 . 

0.0014 

0.0014 

0.0014 

0.0014 

0.0014 

KNO a 

Mg(NO a ) 2 . 

0.0021 

0.0043 




0.0043 

nh 4 no 3 . 


0.0076 

0.0038 



CaS0 4 . 


0.00225 

0.00225 

0.00225 


(NII^SO, 



0.0038 

0.0076 


NTTJLPO, . 





0.0021 


and the culture solutions were made up in 10 liter lots with tap water. 
Boron and manganese salts, sufficient to provide 1 p.p.m. of these elements 
in the final volume, and enough of Hoagland’s A-Z solution to provide 0.01 
to 0.02 p.p.m. of the minor elements were added before dilution. The reac¬ 
tion was finally adjusted to pH 5.8 with sulphuric acid. Each culture solu¬ 
tion contained 212.8 mg. of nitrogen per liter. 

The plants were grown as described in the first paper of this series ( 8 ); 
on March 20, 1941, 25 young plants were transplanted into washed sand in 
one-gallon crocks and allowed to establish themselves for nine days, a 
nitrate-containing culture solution being provided. At this time, five sets 
of two plants each, selected for uniformity of size, were flushed with water 
until nitrate could no longer be detected in the effluent; they were then 
treated in a series with the culture solutions, the drip method of Shive being 
employed. After 46 days, it became more convenient to add the culture 
solution in portions of 500 ml. every other day. 

There was no marked difference in the behavior of the plants until after 
42 days when the 100% ammonia plants began to develop yellow mottling of 
the leaves and brown tingeing of some leaf margins. At intervals during the 
course of the experiment, samples of sand were taken from the crocks by 
means of a cork-borer and the pH of an aqueous suspension was determined. 
The results suggest that the changes in the appearance of the leaves did not 
arise from undue acidity of the cultures (table IT). The plants were liar- 


TABLE II 

Observations or i’H op suspensions op sand in which plants were growing 


Number 

Percentage of nitrogen as ammonium nitrogen 

OK DAYS 

0% 

50% 

75% 

100% 

0 

5.8 

6.0 

5.8 

6.0 

42 

5.0 

5.1 

5.2 

4.9 

57 

5.9 

5.0 

5.1 

4.6 

70 

5.5 

5.1 

4.5 

l 

4.7 
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vested after 70 days on June 9 at 8:00 a.m., the time of day being chosen 
to provide leaf tissue still considerably enriched in organic acids. 

The nitrate plants were obviously healthy, the leaves being fully green. 
The lower leaves of the 50% ammonia plants were slightly mottled with 
yellow; those of the 75% ammonia plants showed this effect extending 
somewhat higher up the plant and the edges of the lower leaves were red¬ 
dish yellow in color. The 100% ammonia plants bore leaves all of which, 
except the topmost, were yellow mottled with reddish brown edges, while 
the plants themselves were definitely smaller than the others. The potas¬ 
sium-deficient plants likewise showed mottling of the lower leaves while 
those in the middle region were yellowish in color and withered at the 
edges. Only the top leaves were fully green. Many of the leaves were 
curled down at the tips and up and inward at the edges. 


TABLE III 

Fundamental data on counts and weights of samples of Bryophyllum calycnium 
PLANTS GROWN FOR 70 DAYS. (FIGURES ARE THE TOTAL FOR TWO PL\NTS) 


Percentage 

of 

NITROGEN 

AS 

AMMONIUM 

NITROGEN 

Leaves 

Stems 

PFTIOLFS 

Stems\nd 
petioufs 

No. 

Fresh 

WEIGHT 

Crude 

dry 

WEIGHT 

Length 

Diam¬ 

eter 

No. 

Fresh 

weight 

Crude 

dry 

weight 



gm. 

gm. 

cm. 

cm. 


gm. 

gm. 

0 

131 

618.4 

65.2 

108 

1.5 

40 

222.9 

19.1 

50 

133 

517.0 

53.7 

103 

1.4 

40 

180.0 

14.0 

75 

128 

463.7 

48.3 

104 

1.3 

40 

158.6 

13.7 

100 

121 

341.6 

38.6 

90 

1.1 

40 

102.4 

12.1 

Potassium- 









deficient 

114 

481.9 

52.4 

91 

1.3 

40 

130.2 

10.5 


Dissection of the plants and preparation of the tissues for analysis 
were carried out as previously described. The record of counts and weights 
of leaves and stems (table III) shows the progressive effect upon the size 
of the plants of the substitution of nitrate by ammonium ion. It is to be 
noted that the number of leaves and the height of the plants were not 
greatly influenced, although the fresh and dry weights were. In most in¬ 
stances the two plants forming each sample differed from each other by 
less than 5%; however, the difference between the fresh weights of the two 
50% ammonia plants was about 9%. 

Expression of analytical data 

The analytical data shown in the figures are expressed as grams per 
single plant in the lower part of most of the diagrams and, in concentration 
units, as grams per kilo of fresh tissue weight in the upper part. The 
points are plotted as open circles. The composition of the leaf tissue is 
shown - by the solid lines, that of the stem tissue by broken lines. The scale 
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of abscissas ^is uniform throughout and shows the percentage of the nitrogen 
present in the culture solution as ammonium ion. i 

The composition of the potassium-deficient plants is plotted by points 
placed at 14% on the scale of abscissas since this culture solution contained 
14% of its nitrogen in the form of ammonium ion. However, these points 
are not connected by lines to the others since this culture solution differed 
in composition with respect to both potassium and phosphorus, and the 
composition of the potassium-deficient plants cannot be regarded as a con¬ 
tinuous function of the ratio of the forms of nitrogen in the other solutions. 
The composition of the leaf tissue of the potassium-deficient plants is shown 
by filled circles, that of the stem tissue by half-filled circles. Many cases 
will be noted in which these points lie at a considerable distance from the 
plotted lines showing the composition of the plants in the ammonia series. 

Organic solids, water, and ash 

Figure 1 shows the organic solids. The curve for the leaf in terms of 
grams per plant follows a straight line course, within the limits of error 
of the determinations, and the 100% ammonia plants contained approxi¬ 
mately 63% as much organic material as the 100% nitrate plants. The 
curve for the stems follows a similar course, the decrease being to about 
75%' of the quantity in the nitrate plants. The potassium-deficient plants 
contained appreciably less organic solids both in leaf and stem than w'ould 
correspond to their position on the scale of percentage of ammonium 
nitrogen supplied; the leaves contained 83% and the stems 64% as much 
organic solids as those of the nitrate plants. 

The effect of alteration of the form of nitrogen in the culture solution 
upon the concentration of organic solids in terms of fresh weight is shown 
(upper part of fig. 1). The 50% ammonia plants were similar to the nitrate 
plants, but the curves for leaf and stem turn sharply upward as the propor¬ 
tion of ammonia nitrogen was increased beyond this point. The explanation 
of the increase in the concentration of organic solids coupled with a decrease 
in the actual quantity present is to be found in the behavior of the water 
(fig. 2). The change was not quite linear, but water in the leaves dropped 
from 278 gm. to 153 gm. per plant, that of the steins from 104 gin. to 45.6 
gm. over the series. A relationship that is helpful in visualizing the nature 
of these changes is the hydration factor, that is: the number of grams of 
water associated with 1 gram of organic solids (table IV). 


TABLE IV 

Hydration factor of Bryophyllum tissues. (Grams of water 

PER GRAM OF ORGANIC SOLIDS) 


Tissue 

Percentage of nitrogen as ammonium nitrogen 

Potassium- 

0% 

50% 

75% 

100% 

deficient 

Leaves 


10.3 

WEsm 

9.0 

9.6 

Stems 

lltl 

14.3 

mzm 

10.7 

13.6 
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The ratio between water and solids in the leaves remained constant 
until all the nitrogen was being supplied as ammonia; in the stem, however, 





Figs. 1-9. Analytics! data for organic solids, water, and nitrogenous components. 


the ratio had begun to drop at the 50% ammonia level and the total change 
was much greater than in the leaf. Thus, in the leaf, the change in water 
content (per plant) kept step with the ehange in quantity of organic solids; 
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in the stem, the character of the organic substances changed in such a way 
that the water-holding capacity was greatly dimiriished. There was also 
a change in the potassium-deficient plants although it was not great in the 
leaves. Thus, change in water-holding capacity is not specifically corre¬ 
lated with ammonia nutrition. 

A substantial part of the change in solids of the leaf tissue can be 
accounted for in terms of a diminution of organic acids with increase in 
the proportion of ammonia in the culture solution, but only a small part 
of the change in the stem can be so explained. Because organic acids them¬ 
selves would not be closely concerned with water-holding capacity, to this 
extent the failure of the leaves to exhibit gross change in hydration factor 
is comprehensible. The alteration in composition of the stem tissue must, 
however, have been directly concerned with components that are involved in 
the degree of hydration of the tissue. It should perhaps be pointed out that 
the behavior of the stem tissue cannot be accounted for in terms of the 
capacity of the roots of these plants to absorb water. All the plants were 
turgid and the leaves even of the ammonia plants were doubtless transpir¬ 
ing. 

Concentration of the water in terms of fresh weight is shown in figure 2. 
The leaves remained practically constant in composition throughout the 
series, containing just over 90% water. The value dropped to 89.4% only 
in the 100% ammonia plants. On the other hand, the stem was already 
detectably affected when the proportion of ammonia reached 75%, the range 
in water content over the entire series being from 92.8% to 88.9%. It will 
be noted that the points for the potassium-deficient plants fall on the curves 
for concentration of water in the tissue but below the curves for quantity 
per plant. 

The ash content of these plants is not plotted. The change was a linear 
one from 3.5 gm. per plant in the leaves of the nitrate plants to 1.26 gm. in 
the 100/< ammonia plants. The corresponding figures for the stem are 
0.95 gm. and 0.37 gm. per plant. The change in concentration was likewise 
linear, dropping from 11.2 gm. to 7.38 gm. per kilo in the leaves and 8.56 
gm. to 7.23 gm. per kilo in the stems. 

Nitrogenous components 

The behavior of total nitrogen of the tissues in response to the change in 
form in which the nitrogen was supplied is shown in figure 3. The quantity 
of nitrogen in the leaves diminished as the proportion of ammonia increased 
in the culture solution, the drop at the highest ammonia level being quite 
sharp. The change was not exactly proportional to the change in the quan¬ 
tities of organic solids; in the upper part of figure 3, the percentage of 
nitrogen in the organic solids is shown (dash and dot line; ordinates to be 
read as percentage). This curve would be a horizontal straight line if 
strictly proportional changes had taken place. Actually, the curve rises 
and falls, showing that, at intermediate levels of ammonia nutrition, the leaf 
tissue solids were relatively enriched in nitrogen. 
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The curve for the quantity of nitrogen in the stems rises slightly at the 
50% level and then falls. This effect is shown more clearly in the upper 
part of the figure by the curve for the concentration in terms of fresh weight. 
The percentage of nitrogen in the organic solids of the stem is not plotted 
since most of its course falls outside the scale of the diagram; the organic 
solids of stems of the nitrate plants contained 3.5% nitrogen while those 
of the 50% ammonia plants contained 4.3%. The proportion then dropped 
to 2.4% in the 100% ammonia plants. Thus, although the actual quantity 
of nitrogen in the stems of these plants did not change greatly but followed 
a smooth diminishing curve, the changes in relation to the fresh weight and 
especially to the organic solids were quite large. Much of the change in the 
nitrogenous composition of the stem tissue arose from the variation in nitrate 
nitrogen content occurring as a result of the alteration in composition of the 
nutrient solution; the profound drop in nitrate content had little effect 
upon the organic solids but greatly influenced the relative distribution of 
nitrogen in other forms. 

Protein nitrogen is plotted in figure 4. The curve for the leaves shows a 
substantial increase in protein content at the 50% level of ammonia and a 
small one at the 75% level as compared with the nitrate plants. The smaller 
100% ammonia plants contained less leaf protein than the nitrate plants. 
Leaves of the potassium-deficient plants contained a quantity of protein 
that places the point well below the curve for the ammonia series. How¬ 
ever, the point is exactly on the curve for concentration in terms of fresh 
weight in the upper part of the figure. The quantity of protein nitrogen in 
the stem was scarcely affected by the form of nitrogen in the culture solu¬ 
tion, the curve being nearly a straight line with a slight downward slope. 

In the upper part of figure 4, data for protein nitrogen are plotted as 
grams per kilo and also as percentage of organic solids (dash and dot line; 
ordinates to be read as percentage). There was a marked enrichment of 
the leaves in protein at the 50% ammonia level and, at higher proportions, 
there was only a moderate diminution in the concentration of protein 
whether measured in terms of fresh weight or of organic solids. 

The apparent behavior of the protein nitrogen of the stem differs accord¬ 
ing to the method of expression. In terms of grams per kilo, there was a 
continuous increase along a smooth curve that became steeper in slope at 
high proportions of ammonia. In terms of organic solids, there was an 
increase followed by a decrease. The difference between the two curves is 
probably attributable mainly to the difference in hydration factor of stem 
tissue resulting from the increase in proportion of ammonia in the culture 
solution. 

The’general picture of behavior of the protein nitrogen in these plants 
suggest# that a moderate proportion of ammonia in the nitrogen supplied 
by the culture solution is favorable for the synthesis of protein in leaves. 
This exclusion is emphasized by data for the soluble organic nitrogen (fig. 
9). Protein nitrogen was increased at the 50% level although the organic 
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soluble nitrogen decreased; this suggests that the 50% ammonia culture 
solution was more efficiently utilized for the synthesis of protein in the 
leaves than were either the 100% nitrate or the 100% ammonia solutions. 
An analogous case has been observed in the tobacco plant ( 16 ) ; here a sub¬ 
stitution of 20% of the nitrate in the culture solution by ammonia gave rise 
to a larger plant with an increased quantity of protein in the leaves. In 
this case, also, the concentration of the protein in terms of organic solids 
was increased, but the concentration in terms of fresh weight was not. 
Protein nitrogen in the leaves of the potassium-deficient plants was a little 
low in comparison with the others; that in the stem, however, was almost 
in line. 

The quantities of nitrate nitrogen are shown in figure 5. The stem tissue 
was far more enriched in this component than the leaf, the difference be¬ 
tween the two being emphasized by data calculated on a concentration 
basis. Both tissues show a relatively smooth progression in the quantities 
of nitrate nitrogen contained, the curve for the leaf being nearly a straight 
line dropping almost to zero at the 100% ammonia level. Nitrate ion was, 
however, detectable in both leaf and stem of these plants, possibly having 
arisen as a result of a slight nitrifying action in the sand in which the plants 
were grown. Nitrate nitrogen in the leaves of the nitrate plants accounted 
for 6.1%, that of the stems for 44.5%, of the nitrogen contained in these 
tissues. These proportions dropped to 1.5% and 1.0% in the 100% am¬ 
monia plants. 

Nitrate nitrogen in the potassium-deficient plants falls close to the curve 
of concentration for both leaf and stem of the other plants, but the actual 
quantity in the stem Avas much less than would have been expected from the 
relation of ammonia to nitrate in the culture solution. This was not true 
for the leaf; in this tissue, the point falls almost on the curve for the am¬ 
monia series of plants. The explanation may be that stems of the potassium- 
deficient plants Avere proportionately smaller both in fresh weight and 
organic solids. Behavior of the nitrate in this series of plants was analogous 
to that observed in tobacco plants ( 16 ). Although, in tobacco, the leaf 
rather than the stem is the organ in which nitrate mainly accumulates, a 
progressive diminution in the quantities of nitrate was likewise observed. 

The behavior of ammonia nitrogen in the plants is shoAvn in figure 6. The 
quantities present Avere much smaller than were those of nitrate, the scale 
of figure 6 being ten times larger than that of figure 5. The curves are not 
the converse of those for the nitrate nitrogen as might be anticipated, and 
it is clear that Bryophyllum, unlike tobacco, is not a plant that can be in¬ 
duced to store any considerable quantity of ammonia even when all of its 
nitrogen is supplied in this form. The curve for the quantity present in 
the leaf rises to a maximum at the 50% level of ammonia nutrition, that 
for the stem to a maximum at the 75% level and both then decrease. The 
curve of concentration in the leaf also rises to a maximum at the 50% level, 
but the 100% ammonia plants contained little more than the 100% nitrate 
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plants. Only in the stem is there a progressive increase in ammonia con¬ 
centration, but this begins at the 50% level. The impression is given that 
ammonia absorbed by the plant is promptly assimilated into other forms, 
especially in the leaf. The stem, however, is the chief locus of such storage 
of excess ammonia over the needs of the plant as can be demonstrated; this 
is true also of nitrate. The potassium-deficient plants also appeared to be 
able to store ammonia in the stem; the point in figure 6 which shows the com¬ 
position of these plants is located well above the curve for the ammonia 
plants. Owing to the large scale of this diagram, however, the position of 
the point is somewhat misleading; as these plants contained only about 3 mg. 
of ammonia nitrogen more than the nitrate plants, the difference is less sig¬ 
nificant than it appears. The presence of a little excess free ammonia in the 
stems of the potassium-deficient plants cannot be attributed to any serious 
interference with the capacity to synthesize protein. Concentration of pro¬ 
tein in the stems was greater than in the ammonia series of plants (fig. 4). 

The influence of ammonia nutrition upon the glutamine metabolism of 
the plants is shown in figure 7. In the leaves, the quantity of glutamine fluc¬ 
tuated in an irregular manner which did not suggest an effect that pro¬ 
gressed with increasing intensity as the proportion of ammonia in the cul¬ 
ture solution was increased. The level of glutamine in the leaves of the 
nitrate plants was low, being 0.4% of the organic solids and increasing to 
0.9% in the 50% ammonia plants, subsequently diminishing. If there was 
a tendency for increased synthesis at the higher ammonia levels, it was not 
expressed in the composition of the leaf tissue, possibly because the glutamine 
was utilized for other purposes; certainly no striking storage phenomenon 
could be demonstrated. In the stem, on the other hand, there was evidence 
of progressive synthesis and storage of glutamine under the influence of 
ammonia nutrition. The quantity per plant increased along a smooth curve 
up to the 75% level of ammonia in the culture solution and then remained 
constant; in terms of grams per kilo of fresh weight, the curve also showed 
a smooth progression, in this case extending to the 100% ammonia plants. 

In order to illustrate the order of magnitude of the effect, a curve for 
the quantity of glutamine amide nitrogen as percentage of organic solids 
(dash and dot line; ordinate to be read as percentage) is also plotted (fig. 
7). These figures, if multiplied by the factor 10.4, give the percentage of 
glutamine in the organic solids; the stem tissue of the nitrate plants con¬ 
tained 0.6% glutamine, and the proportion increased along the curve indi¬ 
cated to 3.3% of organic solids of the stems of the 100% ammonia plants. 
In these plants, therefore, glutamine had become a highly significant com¬ 
ponent of the stem tissue and storage was clearly evident. 

This behavior is analogous to that of the stem tissue of tomato plants 
( 2 ) grown on ammonium salts and also to that of the root tissue of the beet 
plant ( 13 ) after treatment with ammonium salts. In both of these species, 
observations, of from 2% to 5% of glutamine have been recorded. On the 
other hand, there is a marked contrast with the behavior of the tobacco 
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plant which did not respond in this way. It is of ^interest to note that the 
potassium-deficient plants also were relatively enriched in glutamine, par¬ 
ticularly in the stem. This is a result that merits further study. 

The metabolism of asparagine in Bryophyllum is quite different from 
that of glutamine. Quantities present under any conditions of nutrition 
are minute (fig. 8), and none whatever was detected in either the leaves or 
the stems of the 50% ammonia plants, although there was a small amount 
in both tissues of the nitrate plants. As the proportion of ammonia in the 
culture solution was increased beyond 50%, a little asparagine was formed 
in the leaves but none appeared in the stems. This species is thus quite 
different from tobacco, the stem of which showed an increase in asparagine 
when the plants were grown under similar conditions. However, even 
tobacco plants grown with most of their nitrogen ( i.e ., 80% and 90%) sup¬ 
plied as ammonia contained only traces of asparagine in the stem, although 
the leaves were somewhat enriched in this component. 

These results suggest that the metabolic functions of the amides gluta¬ 
mine and asparagine are not the same in Bryophyllum. This eonclusion 
seems valid also for the beet and tobacco plants. The differences in response 
of various species to impressed conditions that provide an increased concen¬ 
tration of ammonia in the cells have been interpreted (15) in terms of the 
relative availability of the non-nitrogenous precursors required for synthesis 
of the respective amides. These are assumed to be oxaloacetic acid in the 
case of asparagine and a-ketoglutaric acid in the case of glutamine and are 
supposed to arise in the course of the enzymatic transformations of organic 
acids summed up under the term, “respiration.” Thus, the nature of the 
amide formed under any given set of conditions is a function not only of 
the supply of ammonia but also of the details of reactions concerned with 
respiration. Although, admittedly, this concept is vague, it is more broadly 
useful when an attempt is made to account for the behavior of amides in 
plant tissues, than is the “detoxication” hypothesis of Prianishnikov (7) 
which assumes that the main function of the amides is to maintain the con¬ 
centration of ammonia in the tissues at a low level. 

Changes in the organic soluble nitrogen are shown in figure 9. In the 
leaves, there was a sharp fall in soluble nitrogen at the 50% level of am¬ 
monia nutrition, and reference to figure 4 shows that this was accompanied 
by an increase in the amount of protein. Both changes are also conspicu¬ 
ous in the curves for concentration in the upper parts of the figures, and 
it is tempting to assume that at this point in the series a more efficient protein 
synthesis became possible, and to suppose that there is a cause and effect 
relationship. However, as the proportion of ammonia in the culture solu¬ 
tion was further increased, there was only a small increase in the amount 
of soluble nitrogen and this was coupled with a marked decrease in protein. 
Thus the position of the equilibrium between protein and the soluble com¬ 
ponents from which protein is presumably synthesized in the cells is strongly 
influenced by the composition of the culture solution with respect to the' 
form of nitrogen supplied. 
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In the stem, the quantity of organic soluble nitrogen remained nearly 
constant throughout. The concentration, however, increased over the entire 
series although, at the 50% point, there was a disproportionately large in¬ 
crease. These changes, when compared with the behavior of the protein 
(fig. 4), show progressions again in opposite directions, as was noted in the 
leaf, although the magnitudes are smaller. 

The qualitative composition of the soluble nitrogen fraction in the stem 
must be quite different from that of the leaf. For example, the proportion 
of the organic soluble nitrogen present as the nitrogen of glutamine ranged 
from 10.7% in the nitrate plants to 47.8% in the 100% ammonia plants and, 
when plotted, was found to follow a curve that did not depart greatly from 
a straight line; in the leaf, the proportion followed an irregular course 
ranging from 9% in the nitrate plants to 35% at the 50% level but dropped 
to 16% in the 100% ammonia plants. Unfortunately, a more detailed 
analysis of the composition of the organic soluble nitrogen was not attempted 
and conclusions regarding the proportions of amino acids in the leaf and 
stem, and of the effect of ammonia nutrition upon these components cannot 
be drawn. It is clear, however, that notwithstanding the striking increase 
in glutamine and ammonia in the stem, the over-all increase in quantity of 
soluble nitrogen was still greater. There was no effect analogous to the 
behavior of such tissues as the hypocotyl of certain varieties of etiolated 
lupine seedlings in which asparagine accumulates to such an extent that it 
alone accounts for the greater part of the soluble nitrogen (10). 

Organic acids 

The total organic acids present in this series of Bryophyllum plants are 
plotted in terms of milliequivalents per plant and milliequivalents per kilo 
of fresh tissue (fig. 10). Changes in these components were major ones, and 
as will.be seen, followed what seems to be a general rule, namely, that in¬ 
crease in the proportion of ammonia in the culture solution in which the 
plants are grown is accompanied by a marked decrease in the amount and 
concentration of at least some of the organic acids present in the tissues. In 
the present case, the decrease followed a moderately steep straight line curve 
for the leaf tissue. The acids of the stem, on the other hand, although they 
decreased in absolute quantity and by as much as 50% of the amount pres¬ 
ent in the nitrate plants, increased slightly in concentration as calculated 
from the fresh tissue weight. This, however, is another effect of the altera¬ 
tion in the hydration factor of the stem solids; in terms of concentration 
in the organic solids, there was a decrease. 

Change in the form of nitrogen in the culture solution is not the only 
condition “that produces such an effect. Potassium deficiency also dimin¬ 
ished hoth the quantity and the concentration of the organic acids in the leaf 
tissue a§ is shown by the points for these plants plotted in the figure. More 
complete'investigation of this matter is clearly required. 

Figure 11 shows the quantities of the individual organic acids in the 
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leaf. It will be noted that, in this series of plants, the malic acid consider¬ 
ably exceeded the isocitric acid, a condition unlike that encountered in the 
plants described in the previous paper of this series ( 8 ). The difference 
arose as a result of the time of day at which the plants were harvested. 
The present plants were collected at 8:00 a.m. (Standard Time), at which 
time the leaves were still enriched in organic acids and the deacidification 
process had not proceeded very far. The plants described in the previous 
paper, on the other hand, were collected a few minutes past noon on sunny 
days, the time and conditions being selected so that the deacidification proc¬ 
ess had become quite extensive although it was probably not complete. 
Inasmuch as malic acid undergoes major changes in quantity during the 
day, the reason for the difference in the composition of the plants employed 
in the two experiments is clear. 

The effect of increase in proportion of ammonia in the culture solution 
upon the quantity of malic acid in the leaves is striking. If it can be 
granted that the several groups of plants were harvested at exactly the 
same stage in the deacidification process (and the smoothness of the curves 
suggests that the precautions taken to achieve this were moderately suc¬ 
cessful), there seems little doubt that malic acid is in some way concerned 
with metabolism of nitrate. The functions of this acid in the plant are 
doubtless complex; if present-day views of the chemical mechanisms con¬ 
cerned with respiration are correct (1, 15), malic acid forms one of the 
members of the group of organic acids which undergoes enzymatic transfor¬ 
mations, the net result of which is the absorption of oxygen and elimination 
of carbon dioxide. These transformations are conceived to be arranged in 
a cycle (3, 5) so that, as malic acid is used it is also renewed, the total con¬ 
centration present supposedly remaining essentially unchanged. This 
sequence of reactions must go on not only in the nitrate plants but also in 
the ammonia plants. Accordingly, if it be assumed that the respiration 
rate per plant did not vary greatly over the series (an assumption that is 
safe only as a first and very rough approximation), it follows that the quan¬ 
tity of malic acid in the 100% ammonia plants represents the quantity 
required for respiration alone. What, then, is the function of the consid¬ 
erably larger quantity of malic acid in the nitrate plants? The sequential 
change in quantity over the series, as the proportion of nitrate in the culture 
solution diminished, strongly suggests that malic acid is involved in the 
reactions whereby nitrate ion is reduced. If this is so, it would appear 
that somewhat more than one-half (the figures suggest five-eighths) of the 
malic acid present may be so concerned. 

Even this supposition, however, does not necessarily exhaust the possi¬ 
bilities. The Bryophyllum plant is a species which undergoes extensive 
diurnal change in malic acid content, and there is no reason to assume that 
the fluctuations are in any way concerned with the reduction of nitrate, 
although they- may be concerned with the respiration. Nevertheless, the 
possibility should not be overlooked that there is a third and still unknown 
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function of malic acid, this function being one that is especially pronounced 
in crassulacean plants. . 

Probably the most striking feature of figure 11 is the fact that the 
diminution of malic acid is accompanied by a corresponding diminution in 
isocitric acid content. Over the greater part of their course, the two curves 
are parallel straight lines within the limits of error of measurement. Thus, 
the situation that led to a less extensive synthesis of malic acid had an equal 
effect upon the quantities of isocitric acid that were formed in the leaf tissue. 

A metabolic relationship between these two acids is to be anticipated; 
both are members of the so-called tricarboxylic acid cycle of Krebs (3) and 
are known to be concerned in the respiration of animal tissues. However, 
that both should be equally affected by the replacement of nitrate in the 
culture solution by ammonia implies that both in some way enter into the 
reactions whereby nitrate is reduced. The observation foreshadows the 
erection of an hypothesis of the mechanism for reduction of nitrate in plant 
tissues. This hypothesis will involve a sequence of enzymatic transforma¬ 
tions of organic acids, possibly a series arranged in a cycle, and it seems 
evident that two of the substances concerned in this series, at least in the 
Bryophyllum plant, will be malic and isocitric acids. 

Citric acid also was diminished in quantity in the leaf tissue by the 
change in culture solutions. The change involved a drop from 14 m.e. to 
3.5 m.e. of acid per plant, a proportionately large change, greater even 
than the change in malic acid which dropped from 80 m.e. to 31 m.e. The 
metabolism of citric acid is thus also probably involved in the processes that 
bring about reduction of nitrate, and this substance may be a third member 
of the interrelated series of organic acids concerned. 

That malic and citric acids are intimately related in metabolism in leaves 
is well known. For example, conversion of malic into citric acid, or at 
least the replacement of malic by citric acid during the culture of tobacco 
leaves in darkness has been demonstrated (9). The enzymatic relationship 
of isocitric to citric acid, presumably via aconitic acid, is also well known 
in animal tissues (4, 6). Accordingly, the present observations are sug¬ 
gestive of mechanisms that will doubtless be clarified when the enzyme sys¬ 
tems present in leaves are finally understood. 

Figure 12 shows the changes in concentration of organic acids of the 
leaf; the data, calculated in this way, confirm the conclusions already drawn 
from the data plotted in figure 11. Changes both in quantity and in con¬ 
centration were essentially similar. The effect of potassium deficiency upon 
the organic acids is shown in figures 11 and 12. Both the quantity and the 
concentration of malic acid were greatly depressed under these circum¬ 
stances although the effect upon the isocitric acid was small. Potassium 
deficiency thus interfered with metabolic processes that involved malic acid 
proportionately far more than it did with isocitric acid, and the citric acid 
was also only slightly affected. Interpretation of this observation must 
await further study. 
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Figure 13 shows the effect of composition of the culture solution on the 
organic acids of the stem tissue. Malic acid was depressed in quantity up 
to the 50% level of ammonia nutrition but was not changed further. Iso- 
citric acid, on the other hand, was not greatly changed in amount at the 
50% level, a small increase taking place. At the highest level of ammonia 
nutrition, however, isocitric acid dropped to about one-half of the amount 
present in the nitrate plants. In the stem tissue, therefore, the close rela¬ 
tionship between malic and isocitric acids no longer holds. Furthermore, 
in this tissue, isocitric acid is present throughout the series in larger quan¬ 
tities than malic acid. The actual quantities present were small (the scale 
of figure 13 is 12| times greater than that of figure 11) and thus the changes, 
although proportionately large, were actually small with respect to the 
amount of substance involved. 

Figure 14 shows the concentration changes in the stem. Malic acid 
diminished sharply at the 50% level of ammonia nutrition but then in¬ 
creased. Isocitric acid increased in concentration at the 50% level, main¬ 
tained this at 75% and then dropped somewhat in the 100% ammonia plants. 
Citric acid dropped to less than one-half at the 50% level but then re¬ 
mained essentially constant. 

The behavior of organic acids in the stems of potassium-deficient plants 
is especially interesting. The quantities of all three acids were much 
smaller than would correspond to the position of plants on the scale of 
ammonia nutrition, malic and isocitric acids being particularly low. Data 
for concentration show, however, that isocitric acid falls almost exactly in 
line with data for the ammonia series although malic acid was depressed. 
Nevertheless, these changes were small in absolute amount, although they 
appear large on the scale of the figures • the irregularities in the apparent 
behavior of the organic acids in stem tissue are thus magnified. 

A comparison of results on the effect of ammonia nutrition on organic 
acids in plants with some of the data from the literature is attempted in figure 
15. The only case in which data are available for the progressive changes 
resulting from gradual alteration of the form of nitrogen in the culture 
solution is that of tobacco (16). Figures for the concentration of total 
organic acids and for malic acid in the leaves are plotted and show an effect 
that is, in most respects, exactly comparable with data in figures 10 and 12. 
Although the concentrations in the tobacco plants cultured on nitrate alone 
were much lower than were those for Bryophyllum, the drop was propor¬ 
tionately even greater. The tobacco leaves grown with 90% of the nitrogen 
supplied as ammonium ion contained a concentration of organic acid only 
24% of that in the nitrate plants. The corresponding figure for Bryophyl¬ 
lum, although at the 100% level, was 55%. Malic acid dropped to 2.7% of 
that present in tie nitrate cultured tobacco plant, to 69% in Bryophyllum. 
These figures alone are sufficient to suggest that organic acids, particularly 
malic acid, in Bryophyllum leaves have functions that must fall into cate¬ 
gories different from their functions in the tobacco plant although, in both 



PUCHER ET AL.: METABOLISM OP BRYOPHYLLUM 


221 


species, there is no reason to doubt that malic acid is in some way con¬ 
cerned with nitrate reduction. In the present ser|es of Bryophyllum leaf 
samples, we are dealing with the plant at a high point in its diurnal process 
of enrichment with acids. It is doubtful that this process has anything to 
do with the reduction of nitrate. Bryophyllum plants grown with am¬ 
monium salts as the sole source of nitrogen likewise exhibit a diurnal varia¬ 
tion in acidity (unpublished observations). Accordingly, whatever this 
phenomenon may mean in the general course of metabolism of the species, 
it is common to all members of the present series. Failure of the malic acid 
to decrease to the extremely low level observed in the tobacco plant grown 
with a high proportion of its nitrogen supplied as ammonium salt is doubt¬ 
less connected with this fact. 

Data calculated from Clark’s study (2) of the tomato plant grown in 
nitrate or in ammonium salt culture solutions are also shown (fig. 15). 
Points at the two extremes only are available and these are arbitrarily con¬ 
nected with a straight line. Total organic acids and malic acid behave in 
a manner much like that of the tobacco plant, as might be expected from 
the close botanical relationship. Data from a recent study of the narcissus 
bulb (17), however, show a small increase in the concentration of total 
organic acids when the bulbs are grown with nitrogen supplied as am¬ 
monium salt. This case is fundamentally different; the narcissus bulb 
possesses sufficient stores of nutriment to support growth of the plant into 
the flowering stage without outside sources of nitrogen. The supply of 
either nitrate or ammonium salts in the culture solution does, indeed, pro¬ 
mote a more luxuriant growth, but it is not essential and there are many 
other more subtle chemical effects. Organic acids in the leaves of this spe¬ 
cies are normally low in concentration and malic acid, being of secondary 
importance to the group of “unknown” organic acids, is not the predomi¬ 
nating acid. It was the group of “unknown” organic acids that underwent 
the most marked increase in concentration, the figures being 32.5 m.e. per 
kilo in the leaves of the bulbs grown in nitrate solution and 51.2 m.e. per 
kilo in those grown with ammonium salt. Malic acid, on the other hand, 
followed the general rule; it decreased from 20.2 m.e. to 5.5 m.e. per kilo 
of fresh weight. Thus, in this species also, malic acid responds to ammonia 
nutrition as it does in the tobacco and Bryophyllum plants. 

One further phase of the organic acid changes in Bryophyllum plants 
should be discussed. Comparison of the lower part of figure 1 with that 
of figure 10 shows that the loss- of organic solids from the leaf tissues can, 
in considerable part, be accounted for in terms of the loss of organic acids. 
The figures in table V are given to permit a closer comparison of the two. 
They show the change from the nitrate plants, as the basis of comparison, 
of the organic acids (computed in grams) and the organic solids. The ratio 
of the two quantities shows that from 78% to 65% of the change in organic 
solids in leaves can be accounted for as the loss of organic acids. In the 
postassum-deficient plants, the figure is 92%. This computation is doubt- 
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TABLE V 

Relative decrease in organic solids and organic acids of Bryophyllum plants as 

NITRATE NITROGEN IN THE CULTURE SOLUTION IS REPLACED BY AMMONIUM 

nitrogen. (Figures are differences in grams from plants grown 

IN CULTURE SOLUTIONS THAT PROVIDED ALL NITROGEN AS NITRATE) 


Tissue 


POTASSIUM- 

DEFICIENT* 

50% 

75% 

mm 

Leaf: 





Decrease, organic solids (grains) . 

4.51 

6.42 

10.15 

4.54 

Decrease, organic acids (grams) . 

3.52 

4.93 

6.60 

4.18 

Ratio, loss of acids to loss of solids. 

0.78 

0.77 

0.65 

0.92 

Stem: 





Decrease, organic solids (grams) . 

1.16 

1.17 

1.73 

2.54 

Decrease, organic acids (grams) . 

0.147 

0.187 

0.339 

0.340 

Ratio, loss of acids to loss of solids. 

0.13 

: 

0.16 

0.20 

0.13 


* Plants with 14% of the nitrogen in the culture solution as ammonium nitrogen and 
the balance as nitrate. 


less an oversimplification of the course of chemical events, particularly in 
the case of potassium-deficient plants where other factors than the form 
of nitrogen supplied entered into the alteration in chemical composition. 
It is clear, however, that the leaves of plants supplied with an increased 
proportion of ammonium ion in the culture solution contained successively 
less and less organic substance and that the change in organic acid comr> 
position goes far to account for the change. This was not true for the 
stems; here the change in organic acid content was small both in absolute 
amount and in relation to the change in organic solids. The metabolic 
processes of the two tissues are manifestly quite different. 

Another method of expressing the change in organic acid content in rela¬ 
tion to the changes in other important components of the leaves is shown 
in table VI. Here, the changes in nitrogen, protein, organic solids and car¬ 
bohydrates are calculated as percentages of the quantity in the leaves of 

TABLE YI 

Percentage changes of components of Bryophyllum leaf tissue brought about by 

ALTERATION OF THE FORM OF NITROGEN IN THE CULTURE SOLUTION. (FIGURES ARE 
LOSSES OR GAINS COMPUTED AS PERCENTAGE OF QUANTITY OF THE GIVEN 
. COMPONENTS IN LEAVES OF THE NITRATE PLANTS) 


Organic 

fractions 

Percentage of nitrogen as 

AMMONIUM NJTROGEN 

Potassium- 

deficient 

50% 

75% 

100% 

Organic acids. 

- 37.3 

-52.2 

-69.8 

% 

-43.8 

Total nitrogen'. 

- 9.3 

-17.2 

-41.5 

- 1.8 

Protein nitrogen . 

+ 23.3 

+ 7.8 

-29.0 

-10.5 

Organic solids . 

-16.3 . 

-23.7 

-37.4 

-13.1 

Carbohydrates . 

-11.5 

- 1.2 

- 8.0 

+ 18.3 
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the nitrate plants and compared with the percentage change in the organic 
acids. Changes of the order of 10% may be assumed to be on the border¬ 
line of the limits of accuracy of analytical methods; changes substantially 
greater than this are significant. It is clear, from the first line of the table, 
that changes in the organic acids are of great relative importance; change 
in total nitrogen is fully significant at the 75% and 100% levels of ammonia 
nutrition, that of the protein at the 50% and the 100% levels, one being an 
increase, the other a loss. Change in the organic solids is probably signifi¬ 
cant at all three levels, but that of the carbohydrates may not be save in the 
potassium-deficient plants where an increase occurred. Organic acids are 
thus outstanding in the sensitivity of their response to the form of nitrogen 
in the culture solution. 

Carbohydrates 

Figure 16 shows changes in starch and crude fiber, the quantities per 
plant being shown in the lower part and concentration in the fresh tissue 
in the upper part of the diagram. Starch in the leaf dropped slightly at the 
50% level of ammonia nutrition and subsequently remained essentially con¬ 
stant. Starch in the stem was too small to represent on the scale of the 
diagram; it ranged from 0.2 gm. in the nitrate plants to 0.1 gm. in the 50% 
and 75% ammonia plants, but was increased to 0.48 gm. in the stems of the 
100% ammonia plants. Fiber in both leaf and stem tissue followed straight 
line curves that sloped only slightly downward with increase in the propor¬ 
tion of ammonia. 

The curves for concentration show a slight decrease in starch in leaves 
at the 50% level followed by a moderate rise. In the stem there was no 
change except in the 100% ammonia plants, the stems of which were rela¬ 
tively enriched in starch. Fiber in the leaves scarcely changed, but in the 
stems there was a gradual increase. 

Soluble carbohydrates of the leaf are shown in figure 17. It should be re¬ 
membered that the soluble carbohydrates are, like the organic acids in this 
species, active metabolites; nevertheless, the curves are relatively smooth. 
Soluble carbohydrates do not form a large proportion of organic solids in 
this species; the response to the change in form of nitrogen supplied to the 
plants was not particularly striking. Total soluble carbohydrates under¬ 
went small fluctuations in quantity in the leaves, this being apparently a 
result of a moderate, progressive increase in unfermentable carbohydrate 
together with a moderate decrease in fermentable carbohydrate. The data 
expressed on a concentration basis suggest a continuous increase in total 
carbohydrates, unfermentable carbohydrates and in the component that is 
recorded as “sedoheptose.” 1 The fermentable carbohydrate, much if not 
all of which is presumably glucose, diminished slightly in concentration over 
the series. 

The behavior of the soluble carbohydrates in the stem tissue is shown in 
figure 18. The scale of the lower part of this figure is five times greater than 

1 For explanation of this component, see paper 1 of this series (8). 



TABLE VII 

Composition op the Bryophyllum plant as affected by the form of nitrogen supplied in the culture solution 
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that of figure 17, so the rather small enrichment of the stems of the 100% 
ammonia plants in total and unfermentable carbohydrates is relatively mag¬ 
nified. The quantity of fermentable carbohydrate decreased but the con¬ 
centration remained nearly constant. However, the concentration of unfer¬ 
mentable carbohydrate increased. 

It will be noted that the behavior of carbohydrates in the potassium-defi¬ 
cient plants is definitely out of line with that of the ammonia series of plants. 
With the exception of the fermentable carbohydrate, the leaves were rela¬ 
tively enriched. In the stems the unfermentable carbohydrate falls close 
to the line, but the fermentable carbohydrate and total carbohydrates were 
depressed. 

Influence of ammonia nutrition on composition 

Table VII shows estimates of the composition of the ammonia series of 
plants together with that of the potassium-deficient plants which received 
14% of their nitrogen as ammonium ion. The conventions that have been 
used in calculating the composition have been described in the previous 
paper of this series (8). 

Sums of the estimates of the composition are shown in the eleventh line 
of the table and are to be compared with the determined organic solids shown 
in the next line. Differences between the respective sets of figures, shown 
as unknown organic solids in line thirteen, furnish a measure of the quantity 
of organic material for which no account can at present be given. These 
quantities are calculated as percentages of the determined organic solids in 
the next to last line. The figures show that from one-sixth to one-third of 
the solids of leaf tissue of the ammonia series of plants consists of material 
concerning which no qualitative information is available. For the potas¬ 
sium-deficient plants, the unknown fraction is also about one-sixth. These 
figures are comparable in magnitude with the results of a similar survey of 
data obtained in the growth experiment with this species. 

The accounting for stem tissue in the present series is superior to that 
of plants described in the previous paper. Only from one-quarter to one- 
third of the organic solids remain unassigned in contrast to somewhat more 
than one-half. Whether or not this was a result of the different time of day 
the plants were collected remains for further study. Nevertheless, the con¬ 
clusion previously drawn, that much remains to be learned of the qualita¬ 
tive composition of this plant, remains valid. 

Summary 

Tt has long been known that Bryaphyllum calycinum exhibits a pro¬ 
nounced diurnal variation in composition with respect to organic acids, the 
leaves becoming enriched, particularly in malic acid, during the night but 
undergoing marked loss of acidity during the day. Furthermore, culture 
of plants in general upon nitrate-containing solutions has been observed to 
lead to increase in the content of organic acids as compared to the effect of 
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culture upon solutions that provide nitrogen in the form of ammonium ions. 
In view of these facts, analyses have been carried out of the leaf and stem 
tissues of B. calycimim collected in the morning at a time of relatively high 
acidity, from plants cultured upon a series of solutions in which a constant 
concentration of nitrogen was furnished. Composition of the culture solu¬ 
tions was varied in steps in the relative proportions with which nitrate ion 
and ammonium ion were supplied. The extremes were solutions that provided 
all nitrate ion and all ammonium ion. Results are presented as curves in 
which composition is plotted against the percentage of ammonium ion in the 
culture solution. The curves show composition in terms of grams per plant 
(absolute quantity) and grams per kilo of tissue (concentration). 

In the leaves, the organic solids, water; total nitrogen, nitrate nitrogen, 
organic soluble nitrogen, total organic acids including isocitric, malic and 
citric acid, starch, crude fiber and fermentable carbohydrate diminished in 
absolute quantity per plant with increase in the proportion of ammonium 
ion in the culture solution. Protein nitrogen, ammonia nitrogen, and gluta¬ 
mine increased to a maximum and then decreased. Asparagine decreased 
and then increased. Unfermentable carbohydrate increased. In the stems, 
most of the components followed a similar course except that the ammonia 
nitrogen and glutamine increased continuously. 

On a concentration basis, organic solids of the leaves, together with total 
nitrogen, starch, soluble carbohydrates, unfermentable carbohydrates and 
‘ ‘ sedoheptose’’ increased, the protein nitrogen and ammonia nitrogen in¬ 
creased to a maximum and then decreased, the asparagine and organic soluble 
nitrogen decreased to a minimum and then increased, while the water, nitrate 
nitrogen and total organic acids including malic, isocitric, and citric acids 
decreased. In the stems, the concentration of components followed a similar 
course except that nitrate nitrogen decreased profoundly while ammonia 
nitrogen, glutamine, and organic soluble nitrogen increased throughout. 

B. calycinum follows the general rule that organic acidity of tissue is 
diminished by culture on ammonium ion as the source of nitrogen. The 
change falls upon both malic and isocitric acids and affects the quantity of 
each of these substances present in the leaves equally. Citric acid is affected 
to a smaller extent with respect to quantity, but the proportional change is 
even greater. 

Connecticut Agricultural Experiment Station 
New Haven, Connecticut 
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EFFECT OF MINERAL DEFICIENCIES UPON THE 
SYNTHESIS OF RIBOFLAVIN AND ASCORBIC 
ACID BY THE OAT PLANT 1 

Stanley A. Watson and G. R . Noodle* 
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The use during recent years of immature cereal grasses such as oats, 
wheat, rye, and barley has received considerable attention as a protein and 
vitamin concentrate for both human and' animal consumption, since grasses 
cut just previous to the jointing stage are high in protein and vitamin con¬ 
tent. Kohler (10) studied the effect of the stage of growth on the com¬ 
position of the grasses and showed that protein, fat, chlorophyll, carotene, 
riboflavin, ascorbic acid, and thiamine attained a maximum concentration 
at, or about, the time of the jointing stage. Pantothenic acid and biotin 
were found to attain a maximum at a later period in the development of the 
plant while nicotinic acid was present in maximum concentration at an 
earlier stage. 

Considerable work has been done on the influence of nutrient deficiencies 
on the composition of plants. The published literature has dealt mainly with 
such plant constituents as proteins and carbohydrates. A great deal of 
work has been done on the factors concerned with vitamin C content of 
plants. Most of the workers agree that environmental factors, particularly 
light intensity, may greatly affect the ascorbic acid content. There is no 
general agreement, however, as to the influence of mineral nutrients on the 
ascorbic acid content of plants. Most of the investigations have been done 
on fruits or leafy vegetables, but little study has been made of the factors 
influencing the ascorbic acid content of immature cereal grasses. A num¬ 
ber of studies have been made on the effect of soil and nutrients on the 
riboflavin content of cereal grain, but few investigations have been concerned 
with the riboflavin content of immature cereal grasses. 

The work described in this paper was carried out to determine the effect 
of single nutrient deficiencies on the ascorbic acid and riboflavin content of 
the immature oat plant. 


Experimental procedures 

Cultural methods 

Illinois 30-2088 oats, supplied by the Illinois Agricultural Experiment 
Station, %ere used in the experiment. The plants were grown in one-gallon 
i The expenses incurred in the present study were borne in part by a grant from the 
Cerophyl Laboratories, Inc., Kansas City, Missouri. 

* Present address: Blandy Experimental Farm, University of Virginia, Boyce, Vir¬ 
ginia. 
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glazed earthenware crocks filled with no. 9 crushed quartz gravel previously 
washed with hydrochloric acid. There were twelve pots of plants per treat¬ 
ment, sixteen to twenty plants per pot. The nutrient solutions were con¬ 
tained in two-gallon, soft-glass bottles which had been given several coats 
of aluminum paint to prevent the growth of algae. The nutrient solution 
was automatically forced up from the bottles into the pots by means of an 
air pump blowing air into the closed system. Each bottle of solution was 
connected to two pots. The nutrient solutions were pumped into the pots 
and remained for a twenty-minute interval every six hours. 

The oats were planted on March 16, 1942 with about 20 seeds per pot 
evenly spaced and covered with one-half inch of gravel. In order to obtain 
sufficient plant material for analytical study, the plants were grown for the 
first three weeks in a complete nutrient solution. When the plants were 21 
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Composition of the nutrient solutions 
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* Iron added as Fe(NO»)»-eitrate. FeSo,-citrate added to all others, 
t Ammonium salts omitted from these cultures. 


days old, the deficient solutions replaced the complete nutrient solutions. 
At this time the plants had three fully expanded leaves and a fourth leaf 
was emerging. The plants were harvested April 28. 42 days after seeding. 
The plants had an average of seven well-developed leaves and all had at 
least one joint; some had two joints. The weather was clear and sunny on 
the day of harvest and on the two preceding days. 

The complete solution of macronutrients as shown in table I was that of 
Skive and Robbins (17). The micronutrients were supplied in the form 
of the solution described by Hoagland and Arnon ( 6 ), Boron and manga¬ 
nese were present at a level of 0.5 p.p.m. Iron was supplied in the form of 
ferrous citrate prepared by dissolving 5.0 gm. of FeS0 4 • 7H 2 0 and 2.5 gm. 
of citric acid in distilled water and diluting to 1 liter. Ferrous nitrate in 
place of ferrous sulfate was used for the sulfur-deficient series. The iron 
content of the nutrient solution was checked regularly by the thiocyanate 
colorimetric method given in Standard Methods of Water Analysis (21). 
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It was found necessary to add 5.0 ml. of the iron solution to each bottle 
every three or four days to keep the concentration in the range of 0.05 to 
0.08 p.p.m. 

The pH of the solutions was checked every third day and when neces¬ 
sary the pH was adjusted with 0.25 N sulfuric acid or NaOH to a pH of 
approximately 5.5. In the sulfur-deficient series, HC1 was used for the 
pH adjustment. Ammonium sulfate was added to the nutrient solution 
to stabilize the pH of the solutions as the ions were withdrawn by the plant. 
The amount of ammonium sulfate solution was added to give a N0 3 /NH 4 
ratio of about 80/20 to 90/10, which, according to Trelease and Trelease 
(22), should hold the solutions at a pH of about 5.1. No ammonium sulfate 
was added to the sulfur and nitrate-deficient series. 

The nutrient solutions were completely renewed every ten days during 
the first three weeks and then every seven days during the rest of the grow¬ 
ing period. When the change-over was made from full nutrient solution 
to the solutions lacking the specified elements, the pots were flushed several 
times with distilled water. 

Some trouble was experienced in regard to iron chlorosis. In addition to 
the iron added regularly to the nutrient solution, treatments were given on 
April 12, 17, and 25 by shutting off the regular iron solution and allowing 
the roots to stand in contact with an iron solution for six hours. The iron 
solution consisted of 25 ml. of the stock iron solution diluted with distilled 
water in the pot so that the surface of the gravel was covered. 

At harvest time, two plants per pot from each treatment were cut for the 
analysis of ascorbic acid, the plants separated into leaves and “stems,” com¬ 
posited separately from each treatment, and analyzed immediately. The 
pots were then placed in a tub of water and the gravel was carefully washed 
from the roots. The last bits of gravel were removed by hand. The tops 
were severed from the roots at the crown, the water blotted from the tissue, 
and fresh weight determined on both the tops and the roots. The tops w'ere 
further separated into leaf blades and “stems” by clipping the leaves next 
to the ligule. The “stem” thus consisted of the true stem plus the leaf 
sheath. Dead leaves were discarded. Hereafter, the leaf blades will be 
referred to as “the leaves.” The weights per plant were determined by 
dividing the weight of the composited sample from the twelve pots of each 
treatment by the number of plants obtained from each treatment. Each 
sample contained the respective parts from about 175 plants. 

Tht* plant parts were spread out on paper and dried rapidly in an oven 
ventilated by a stream of air at 70° C. The plant material dried in four 
hours. The dry weight was determined and the tissue was ground in a 
Wiley .mill to pass a 60-mesh screen. The plant material was stored in 
cardboard boxes until analyses could be made. 

Analytical methods 

Total nitrogen was determined by a micro-Kjeldahl method of Pepkowitz 
and Shive (15) using metallic selenium as the catalyst. 
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The ash components were determined on a wet-ashed sample prepared 
and analyzed as described by Noggle (13). One gram of air-dried grass 
was placed in a flat-bottomed porcelain crucible and dried at 105° C. for 
eight hours and then reweighed to obtain the oven-dry weight. All analyti¬ 
cal results are reported on the basis of oven-dry weight. 

Ascorbic acid was determined by a titrimetric procedure. Reagents 
consisted of a fresh aqueous acid solution containing 2% metaphosphoric 
acid, 3% trichloracetic acid, and a dye solution. The standard dye solution 
contained 1 gm. of sodium 2,6-dichlorobenzenoneindophenol dissolved in 1 
liter of a 1% acetic acid solution of dioxane. The dioxane was freshly dis¬ 
tilled before use. The dye solution was standardized against 1 ml. of 
freshly prepared ascorbic acid solution, containing 0.2 mg. ascorbic acid 
(10 mgm. ascorbic acid in 50 ml. of the acid solution). To determine as¬ 
corbic acid, a 1-gm. sample of fresh grass was triturated with 25 ml. of the 
acid solution and several grams of pure Ottawa sand in a mortar. The 
resulting mixture was filtered through No. 202 Reeve Angel filter paper and 
1 ml. titrated with the standard dye solution. The titration was completed 
in less than one minute. 

Riboflavin was determined as described in the original microbiological 
method of Snell and Strong (20). The riboflavin was released by auto¬ 
claving with distilled water, and assayed in triplicate at three different 
levels. Thus each sample was subjected to nine determinations. Very 
little drift in the values was obtained between different riboflavin levels. 
Very good agreement of values between the various composited samples was 
obtained. The standard deviation of the values for each type of tissue was: 
leaves ± 0.324, stems ± 0.251, and roots ± 0.225 gamma per gram. These 
statistics were calculated from the sums of squares of riboflavin values 
pooled for each type of tissue (19). 

Results and discussion 

Description of plants at time of harvest 

The control plants grown in complete nutrient solution for the entire 
growth period were completely normal as regards outward appearance. 
The plants had an average of seven leaves. Almost all showed the first 
joint and many had a second joint. 

The potassium-deficient plants showed no noticeable symptoms. The 
plants appeared to be normal green in color with stems possibly weaker than 
those of the controls. Tillering was not affected and the roots appeared to 
be normal. 

The calcium-deficient plants exhibited striking symptoms. The young¬ 
est leaves were chlorotic, spindling, gelatinous, and stunted. The older 
leaves were very dark green, coarse, stiff, and erect; the color was much 
darker than that of the controls. The stems were short, thick, and stiff 
with short internodes. Most of the plants had at least one well-developed 
tiller and many small ones that did not develop. The small tillers had thq 
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same appearance as the young leaves. The roots appeared to be normal 
with the exception of more numerous coarse secondary roots. 

The nitrate-deficient plants were the smallest of all the series. The 
leaves were very erect, standing up like packages of bristles, but were stunted 
in height and width; the color was a uniform pale green with no mottling. 
The first and second leaves were dead and slightly red in color; the dead 
tips of younger leaves were also red. The stems were short and spindling 
and exhibited less jointing than the controls. 

The sulfur-deficient plants showed no particular symptoms except that 
they appeared to be slightly smaller than the controls. The plants low in 
phosphate showed no particular symptoms. The leaves were dark green 
although not as dark as in the - Ca series. 

Growth and mineral content 

The results of the mineral analyses of the various plant fractions grown 
on the deficient solutions are given in table II. The data indicate that the 
deficient solutions have produced plants whose tissues contain lowered 

TABLE II 

Composition and dry weight or the organs or oat plants grown on the mineral 

SOLUTIONS GIVEN IN TABLE I. VALUES CALCULATED ON AN OVEN-DRY WEIGHT BASIS 


Nutrient 
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0.267 

440 

21.5 

6.67 

0.89 

0.39 

5.61 

0.29 

- K 

0.243 

635 

20.7 

1.82 

0.97 

0.56 

5.38 

0.54 

-Ca 

0.248 

356 

17.5 

5.01 

0.23 

0.41 

4.79 

0.54 

-Mg 

0.229 

814 

14.8 

6.67 

0.81 

0.07 

5.00 

0.35 

-NO, 

0.119 

369 

10.6 

5.76 

0.79 

0.29 

2.07 

0.61 

-S0 4 

0.193 

533 

19.3 

6.16 

1.17 

0.41 

4.88 

0.26 

-P0 4 

0.205 

488 

18.7 

6.82 

0.89 

0.39 

5.18 

0.09 


Stems 


Control 


338 

5.3 

10.11 

0.69 

0.36 

4.67 

0.27 

-K 

0.125 

227 

4.8 

2.50 

0.79 

0.46 

4.70 

0.30 

- - Ca 

0.169 

188 

4.6 

6.40 

0.11 

0.34 

4.55 

0.30 

-Mg 

0.128 


4.1 

8.90 

0.85 

0.07 

4.75 

0.29 

-NO, 


148 

3.5 

6.15 

0.57 

0.28 

1.09 

0.19 

-S0 4 

0.173 

214 

4.9 

9.75 

0.89 

0.39 

3.92 

0.23 

-PO, 


224 


9.95 

0.76 

0.39 

3.89 

0.11 


Boots 


Control 



6.6 

4.83 

1.23 

0.31 

3.67 


-K 



6.7 

4.79 

1.55 

0.35 

3.69 


-Ca 

KiGilWp 


6.8 



0.37 

3.82 

m ' ;' 1 

-Mg 



6.4 

4.66 

1.36 

mmlm 

3.74 


-NO, 



4.2 

4.58 

Milt SIM 

IwW 



-SO. 



6.7 

4.84 

KPS 

0.33 

3.24 

1.26 

-PO. 

, 0.082 


6.5 

5.92 

0.56 


3.50 
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amounts of the element omitted from the nutrient solutions. Sulfur was 
not determined. Iron was determined but showed ho important variations. 
All plants apparently contained adequate quantities of iron at time of 
harvest. 

Figure 1 shows that all of the nutrient deficiencies resulted in a fresh 
weight production below that of the control series. In the leaves and stems, 
deficiencies of Mg, K, P0 4 , S0 4 , and Ca depressed fresh weight production 
similarly. The - N0 3 series resulted in a fresh weight production less than 
one half that of the control. In the roots the - Ca and - N0 3 series gave 
the greatest reduction in fresh weight production. When the total plant 



Fig. 1 . Effect of mineral deficiencies upon the growth of leaves, stems, total tops, 
and roots of immature oat plants. Fresh weight of organs per plant. 


was considered, the fresh weight production was as follows: Control > 
-Mg > -K > -SO. > -P0 4 > -Ca > -NO,. 

The dry weight productions of the various series are compared in figure 
2. In the leaves, the - Ca, - K, and - Mg series gave dry weight production 
not much below that of the control. The - P0 4 and - S0 4 series produced 
somewhat less dry matter while the - NO., series produced the lowest amount 
of dry matter. In the stems, the - S0 4 , - Ca, and - P0 4 series gave a greater 
dry weight production than the control. There was not much difference in 
the production of dry matter in the roots except that the - NO s , - P0 4 , and 
- Ca series were slightly less than the controls. The total dry weight of the 
plants was as follows: Control > - Ca > - S0 4 > - K > - Mg > - P0 4 > 
-N0 3 . 
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Fig. 2. Effect of mineral deficiencies upon the growth of leaves, stems, total tops, 
and roots of immature oat plant. Dry weight of organs per plant. 

Ascorbic acid data 

The ascorbic acid concentration of the fresh plant tissue is shown in 
figure 3 (left). The - Mg and -K solutions produced plants whose leaves 



Fig, 3. Effect of mineral deficiencies upon the ascorbic acid content of leaves, stems, 
and total tops of immature oat plants. Left: milligram percentage in fresh tissue; right: 
milligram percentage in dry tissue. 



WATSON AND NOGGLE: RIBOFLAVIN AND ASCORBIC ACID 


235 


contained considerably greater amounts of ascorbic acid than the control 
plants. The - S0 4 , - P0 4 , and - Ca leaves also contained slightly greater 
ascorbic acid than the control plants. The - N0 3 leaves contained less as¬ 
corbic acid than the control plants. The stems of the - Mg contained about 
double the ascorbic acid concentration of the control series. When calcu¬ 
lated on the basis of dry weight, (fig. 3, right) the ascorbic acid concentra¬ 
tion of the leaves was substantially the same as noted in the fresh tissue; 



Leaves Stems Total Tops 

Fig. 4. Effect of mineral deficiencies upon the ascorbic acid content of leaves, stems, 
and total tops of immature oat plants. Milligrams ascorbic acid per plant organ; fresh 
tissue. 

i.e., - Mg > - K > - S0 4 > - P0 4 > Control > - N0 3 > - Ca. In the 
stem tissue on a dry weight basis (fig. 3, right), however, only the - Mg 
treatment resulted in a higher ascorbic acid concentration than the controls 
while all other treatments resulted in lower ascorbic acid concentration than 
the controls. Ascorbic acid content expressed as milligrams per fresh plant 
or plant part (fig. 4) shows the same trends as noted above except that in 
the cases of the - Ca and - N0 3 plants the amount of ascorbic acid per plant 
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is low owing to the marked lowering of fresh weight production with these 
treatments. 

The effect of magnesium and potassium deficiency on ascorbic acid syn¬ 
thesis in leaves suggested possible relationships between the concentration 
of these mineral elements in the leaves (table II) and the vitamin concen¬ 
tration. Simple correlation coefficients relating these factors were calcu¬ 
lated ( 19 ), the results of which are shown in the first column of table III. 
The correlation of ascorbic acid (mg.% dry wt.) with percentage magnesium 
and potassium was in both cases negative and very low but scatter diagrams 
showed pronounced negative trends. The suggestion was made that the 
true correlations were being masked by the competing effects of these two 
elements on ascorbic acid synthesis. Under such conditions the true corre¬ 
lations may be estimated by use of the method of partial correlations (11). 

TABLE III 

Simple and partial correlation coefficients relating ascorbic acid and riboflavin 

CONCENTRATION OF LEAVES OF OAT PLANTS TO THE CONCENTRATION OF SEVERAL 
MINERAL ELEMENTS IN THE LEAVES 


Simple correlation coefficients 
(Zero order) 

Partial correlation coefficients 
(First order) 

Function t 

. 

Coefficient 

Fl T N( TIONt 

Coefficients 

Tam 

- 0.439 

r *M • K 

- 0.653 

r AK 

- 0.0975 

r \k • M 

-0.547 

Tkm 

- 0.639 



r BN 

+ 0.890** 

r R \ • m 

+ 0.780 

r»M 

+ 0.604 

r BM • N 

- 0.485 

*nm 

+ 0.819* 




* Significant at the 5 % level. 

** Significant at the 1% level. 

t Symbols of functions are: A = ascorbic acid; K = potassium; M = magnesium; R = 
riboflavin; N = nitrogen. For partials, R AM . K represents the partial correlation coeffi¬ 
cient relating A to M when K is held constant, etc. 

This type of analysis enables one to determine the correlations between two 
variables, independently of the variation caused by the other factor or fac¬ 
tors under consideration. In the second column of table III are recorded the 
coefficients of partial correlation. Neither partial is significant at odds of 
19:1 (5% level), but the increase in the partial correlation coefficient over 
the simple coefficient is large in both cases and is in the expected direction. 

In view of the above differences in correlation coefficients and the large 
stimulation in ascorbic acid synthesis in the plants grown on the - K and 
- Mg solutions, the influence of potassium and magnesium is probably real 
and should be further investigated. It appears that low concentrations of 
K and Mg in the leaves stimulate ascorbic acid synthesis while high concen¬ 
trations retard synthesis. The reverse conclusion, that the presence of high 
concentrations of K and Mg cause more rapid destruction of ascorbic acid, 
must also be considered but does not appear to be the most likely explanation. 
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We should point out that in calculation of correlation coefficients in this 
paper only seven values were available; i.e., the seven pooled samples from 
each nutrient treatment. The authors realize that when coefficients of cor¬ 
relation or partial correlation are based on a small number of observations 
one point in error may cause the coefficient to be higher or lower than the 
true value. An additional fact which lends added significance to the re¬ 
ported values is that each was obtained from a fairly large, representative 
composited sample. Each sample used for ascorbic acid analysis was com¬ 
posed of the leaves and stems of 24 plants while all other analyses were made 
on samples composed of parts of about 175 plants. These samples therefore 
represent a fairly accurate mean for each treatment. 

There is no unanimity among workers as to the influence of fertilizer 
treatments on the ascorbic acid content of plants. Maynard and Beeson 
(12) reviewed the literature pertinent to ascorbic acid and soil fertility and 
said: “It seems justifiable to conclude that the accumulation of ascorbic 
acid in plants is a characteristic of species and variety and that this genetic 
influence may overwhelm any differences due to climate, soil, or fertilization. 
Of climatic factors, light seems to have the preponderating influence. The 
effect of fertilizers is relatively small and varies with the species of plant. 
It seems that, provided the plant will develop upon the nourishment sup¬ 
plied to it, the ascorbic acid content is not much altered.” 

In the present investigation the -K and -Mg treatments gave large 
increases in the ascorbic acid concentration of oat leaves. Bernstein, 
Hamner, and Parks (2) noted that turnip greens grown in sand cultures 
deficient in sulfate, nitrate, or potassium contained significantly lower as¬ 
corbic acid values than the other treatments. With phosphorus and mag¬ 
nesium deficiencies there was little effect on the ascorbic acid content of the 
turnip greens. Reder, Ascham, and Eheart (16) found that potassium 
fertilization produced a decrease in ascorbic acid content of field-grown 
turnip greens. Sideris and Young (18) grew pineapple plants in low-K 
cultures and found that the ascorbic acid content depended on the form of 
nitrogen present. If nitrate nitrogen was present, the low-K series gave 
high ascorbic acid values; if ammonium nitrogen was present the low-K 
series gave smaller ascorbic acid values. Balks and Pommer (1) observed 
that a Iv and Mg deficiency generally caused increases in ascorbic acid over 
that of the control. Ijdo (8) found that with spinach a deficiency of po¬ 
tassium resulted in an ascorbic acid content above that of the control, pro¬ 
vided the nitrogen supply was adequate. Ferres and Brown (4) have 
recently studied the relationship between yield, ascorbic acid, and mineral 
fertilization in several legumes and leafy vegetables. Using soils known to 
be deficient in one or more of the elements K, Cu, Zn, Mn, B, and Mo, addi¬ 
tion of zinc alone produced significant increases in ascorbic acid concentra¬ 
tion. They also found that “. . . increases in ascorbic acid concentration 
due to application of zinc were in all cases associated with an early growth 
stage.” 
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"Wittweb, Schroeder, and Albrecht (23) pointed out that a consider- 
abie body of experimental evidence indicated that there was an inverse 
relationship between the nitrogen application and ascorbic acid content. 
Their own work showed that by increasing the application of nitrogen fer¬ 
tilizer the yield of dry matter of Swiss chard and spinach was increased 
while the concentration of ascorbic acid decreased. Ijdo (8) concluded 
that a nitrogen deficiency affected the ascorbic acid content of grass only to 
a small extent even though the nitrogen content of the tissue was very low. 
Isgur and Fellers (9) found that a high level of nitrogen supply gave a 
high ascorbic acid content. In the present investigation the -N0 3 series 
gave a lower ascorbic acid concentration than did the control series. 

Many workers have pointed out that there appears to be a relationship 
between ascorbic acid and chlorophyll content of plant tissue, but it is inter¬ 
esting to note that, of the two treatments which were highest in ascorbic 
acid, -Mg and -K, the former was strongly chlorotic while the latter 
appeared normal in color. 


Riboflavin data 

The riboflavin concentration of the plant tissue is shown in figure 5. All 



Fig. 5. 'Effect of mineral deficiencies on the riboflavin content of leaves, stem, total 
tops, and roots of immature oat plants. Gamma per gram dry weight. 
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treatments decreased the riboflavin concentration of the leaf tissue, as com¬ 
pared with the control, in the following order: Control > - K > - SO* > 
- PO* > - Ca > - Mg > - N0 3 . In the stem tissue all deficient solutions 
resulted in a lower riboflavin concentration than the control. As in the leaf 
tissue, the - Ca, - Mg, - NOj series gave the lowest riboflavin concentration 
in the stems. The - N0 3 series alone resulted in a significantly lower ribo¬ 
flavin concentration in the roots than did the control. 

In figure 6 the riboflavin content of the plants is expressed on a per plant 
or plant part basis. In the leaves the trends are the same as was observed 
in figure 5 but the differences are exaggerated. This is because those treat¬ 
ments which resulted in a lowered riboflavin concentration also resulted in 
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Fig. 6. Effect of mineral deficiencies on the riboflavin content of leaves, stem, total 
tops, and roots of immature oat plants. Gamma per plant organ; dry weight basis. 


lowered dry weight production. The correlation coefficients (11, 19) relat¬ 
ing the growth of the leaves (dry weight per plant) with riboflavin concen- 
tration in gamma per gram for the various treatments is + 0.743 and for the 
growth of stems the correlation with riboflavin is + 0.771. These coefficients 
are significant at the 5% level (required, r = 0.754) but the correlation of 
growth of roots with riboflavin (^ 0.593) is not significant. Calculations 
were based on the seven composited samples of each type of tissue. This 
direct relationship between growth of leaf and stem and riboflavin concen¬ 
tration may indicate a direct dependence of growth of plant tissue upon 
synthesis of adequate amounts of riboflavin. Such a relationship has not 
been previously noted for green plants but has been known for many years 
in animal nutrition. In fact, the basis of the rat assay method for riboflavin 
is the direct relationship between the growth of rats and their riboflavin 
intake. However, in the case of green plants where riboflavin is synthe- 
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sized, and especially in the plants used in the present experiment where the 
whole metabolic balance is upset by the mineral deficiencies, the relationship 
may be much more complex than in animals. In the plants described in 
this paper no important differences in morphological development were 
observed. 

The conditions affecting the riboflavin content of plants has not been 
extensively studied. The majority of the investigations have been done on 
cereals but have been concerned with a mature grain or products of the 
grain such as flour. Maynard and Beeson (12) reviewed the work regard¬ 
ing the effect of fertilizers on the riboflavin content of plants. The various 
studies did not show any marked differences in the riboflavin content due 
to environmental factors. Fertilizer experiments performed by Holmes 
and Crowley (7) with lettuce showed complete lack of correlation of ribo¬ 
flavin content with the Ca, P, Mg, or Fe contents of the fresh leaves. A 
deficiency of boron and manganese in tomatoes and beets was shown by 
Gum, Brown, and Burrell (5) to result in consistently lower riboflavin 
content of all parts analyzed as compared with controls. The present study 
reveals that the riboflavin concentration of the immature oat leaves and 
stems is dependent upon an adequate nitrogen supply. All of the deficient 
treatments gave lower riboflavin concentrations than the control but the 
- N0 3 treatment gave the lowest value. With the exception of - N0 3 , the 
roots did not seem to be adversely affected by any nutrient deficiency. 

To bring out more clearly the role of nitrogen and magnesium in the 
synthesis of riboflavin, correlation coefficients were calculated to test the 
relationship between the riboflavin concentration and the per cent nitrogen 
and magnesium in the leaves. The results are given in table ITT. The 
highly significant positive value of the simple correlation coefficient indicates 
that the amount of riboflavin formed in the leaves appears to be directly de¬ 
pendent on the amount of nitrogen absorbed. The importance of this rela¬ 
tionship to protein synthesis will be discussed in a forthcoming publication 
(14). The magnesium concentration of the leaves was positively correlated 
with riboflavin but was not significant at the 5% level. Calculation of par¬ 
tial correlation coefficients showed that there was probably no mutual influ¬ 
ence of nitrogen and magnesium on riboflavin synthesis since in both cases 
tbe partial coefficient was lower than the simple coefficient. The low ribo¬ 
flavin concentration found in the plants grown on the magnesium-deficient 
solution was apparently a result of a low supply of nitrogen since correlation 
analysis showed that magnesium and nitrogen concentrations in the leaves 
varied together. 

The role of riboflavin as the prosthetic group for several enzymes con¬ 
cerned with cell respiration and other related processes (yellow enzymes, 
d-amino and 1-amino aeid oxidapes, etc.) would suggest that for normal 
metabolic activity this substance must be present in the cells in optimum 
quantities, v For. this reason the close relationship observed between growth 
of the losses and stems and their riboflavin concentration is not surprising. 
One would suspect that the effect of mineral deficiencies might cause a cur- 
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tailment of the synthesis of riboflavin (and other necessary enzymes and 
hormones) which would in turn retard growth. 

The leaf blade of the immature plant is generally considered to be the 
center of greatest metabolic activity and it is probable that the high concen¬ 
tration of riboflavin in the leaves (fig. 5) reflects the higher metabolic activ¬ 
ity of these organs as compared with the “stem” and roots. Reference to 
figure 6 shows that of the total amount of riboflavin in the normal plant 
(control series), the leaves contained 4.3 times as much as the rest of the 
plant or 9 times as much as the “stems” (leaf sheath plus true stem) or 
roots alone. With the plants grown in the deficient cultures, the ratio of 
riboflavin in the leaves to the rest of the plant is reduced and reaches a low 
of 1.9:1 in the nitrate-deficient plants. The roots of the oat plant probably 
synthesize their own riboflavin (3). If the roots were dependent upon the 
leaves for their entire supply of riboflavin, one would expect a lower concen¬ 
tration of riboflavin in the roots of the deficient plants than was eneountered. 

It should be emphasized that the results reported in this paper are from 
a single experiment during one part of the growing season and are explora¬ 
tory in nature. It has been pointed out that climatic conditions are very 
important in influencing the ascorbic acid concentration of plants, but this 
particular aspect of the problem was not included in the present study. 

Summary 

1. Oats were grown in gravel culture in a complete nutrient solution for 
a period of three weeks. The plants were then switched to solutions deficient 
in single nutrients. The plants were harvested three weeks later during 
the early stages of the jointing process. 

2. Ascorbic acid was determined at the time of harvest. Riboflavin, 
calcium, magnesium, iron, phosphorus, potassium, and nitrogen were de¬ 
termined on oven-dry samples of tissue. Fresh weight and dry weight were 
also taken on the leaves, stems, and roots. 

3. Mineral analysis showed that the deficient solutions had produced 
plants whose tissue was low in the nutrient omitted when compared with a 
control plant grown in a complete nutrient solution. 

4. The leaves of the plants grown in the Mg- and K-deficient solutions 
contained a considerably higher concentration of ascorbic acid than the 
control plants. The stems of the Mg-deficient plants contained a higher 
concentration of ascorbic acid than the control plants. The evidence for 
stimulation of ascorbic acid synthesis in leaves low in potassium or mag¬ 
nesium was strengthened by the use of correlation analysis. 

5. All mineral deficiency treatments used caused lower riboflavin con¬ 
centration in the leaves and stems of the plants grown on them than did the 
complete nutrient solution. In the leaves, where the bulk of the riboflavin 
of the plant is located, the mineral deficiencies influenced riboflavin concen¬ 
tration to the greatest extent. The nitrate-deficient solution produced the 
lowest riboflavin concentration in leaf, stem, and roots. The influence of 
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nitrogen on riboflavin synthesis was also demonstrated by finding a high 
positive correlation between nitrogen and riboflavin concentrations in the 
leaves. The apparent influence of magnesium on riboflavin synthesis ap¬ 
pears actually to be a nitrogen effect since leaves low in magnesium were 
also low in nitrogen. 

6. Growth of leaves and stems in terms of dry substance was significantly 
correlated with the riboflavin concentration. Possible significance of this 
relationship is discussed. 

The authors wish to express their appreciation for the advice given by 
Db. F. L. Wynd during the planning and execution of the experimental 
work. 

University of Illinois 
Urbana, Illinois 
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Coincident with the rapid advances being made in soil science, an in¬ 
creasing interest has been shown in the soil mechanisms as they control plant 
nutrition, growth, and crop production. One of the most influential factors 
involved is that of the interaction of nutrients. The equilibrium among ions 
in the soil and the culture solution has lately been designated as “nutrient- 
element balance.” Emphasis has been placed on the interrelations of essen¬ 
tial plant nutrients, on ‘ ‘ antagonisms ’ ’ between specific cations, and on the 
possible application of such relationships to fertilizer practices in the field. 

In the nineteenth century Wolff (37) noticed that with barley the great¬ 
est growth occurred in “complete” nutrient cultures. Excess potassium de¬ 
pressed yields. It was observed, however, that the depression in growth 
could be overcome by the addition of another nutrient. He noted also that 
sodium amendments offset the effects of excess potash. Laqatu and Maume 
(16) recorded a decrease in the yield of grapes when potassium was omitted 
from an otherwise balanced fertilizer application. Thomas (25, 26, 27) 
substantiated the work of Lagatu and Maume, and his data further empha¬ 
sized the importance of proper balance in fertilizer applications with refer¬ 
ence to absorption. 

Associated with nutrient balance are the frequently demonstrated 
cationic antagonisms. Hoagland (12), Lundegardh (18), and Richards 
(22) summarized the interactions existing in the absorption of potassium, 
calcium, magnesium, and sodium. Possible ways in which one element in 
nutrition may substitute for another are outlined by Cooper (6). A de¬ 
crease in plant growth and an accentuation of mineral element deficiency 
symptoms by unbalanced soil cations have also been demonstrated by many 
investigators (7, 8, 17, 21, 28) . The concept that a lack of balance may be 
more harmful to plant growth than a deficiency of two or more nutrients has 
been suggested. The reports of Davidson and Blake (9), and of Waugh, 
Culunan, and Scott (31), and recently those of Brown (4) on nutrient 
balance in the peach bear this out. Phillips, Smith, and Hepler (20) 
reached a similar conclusion with the tomato plant. 

During the past six years at the Missouri Agricultural Experiment Sta¬ 
tion, the importance of nutrient balance in obtaining maximum response to 
fertilizer treatment has been repeatedly observed in nutritional studies with 
vegetables. This report deals with the yields of some vegetable crops as in- 

iMitAouri College of Agricultural Journal Series no. 1010. 
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fluenced by the balance of calcium, nitrogen, and phosphorus when the plants 
were grown in cultures of beidellite clay. This is a naturally occurring clay 
of which most of its readily available nutrient ions have been removed by 
leaching and H adsorption during continuous weathering. 

Methods 

Spinach, Swiss chard, lettuce, tampala, and tomato plants were grown 
under controlled greenhouse conditions in glazed gallon crocks using col¬ 
loidal clay cultures (3) for nutrient media. Variable fertility levels were 
achieved by titrating the exchangeable ions, in the desired amounts and 
ratios, onto the original acid clay subsoil or B-horizon of Putnam silt loam, 
which has an exchange capacity of 28 milliequivalents per 100 grams, 12 of 
which are hydrogen. Of the remaining 16 milliequivalents of adsorbed 
nutrients, 12 are calcium and the remaining 4 are composed of smaller 
quantities of potassium and minor nutrient elements. Although these 
nutrient cations occupy a considerable portion of the total exchange capacity 
of the native subsoil, numerous biological tests have demonstrated its contri¬ 
bution of nitrogen and phosphorus to be nil, while practically none of the 
calcium and potassium is available for plant growth. Various nutrients, 
held on the clay in exchangeable form, may be provided for plants in any 
desired ratios and quantities simply by replacing the hydrogen on the clay 
with selected cations and by using the proper amount of prepared clay in 
the nutrient substrate. The pH values of the resulting media approximated 
6.5. Stability of the clay and its naturally high content of replaceable 
hydrogen make its use, by simple additions of cations as exchanges for its 
hydrogen, very convenient for balanced nutrient studies. 

The usual procedure followed in setting up the colloidal clay cultures 
was the preparation of a series of clay aliquots to which were added 5, 10, 
20, and 40 milliequivalents of nitrogen in the form of ammonium nitrate. 
To each of these levels of nitrogen there was added calcium, as calcium 
acetate, in variable amounts to provide 0, 5, 10, 20, and 40 m.e. of calcium. 
This provided, then, twenty soil treatments giving four levels of nitrogen, 
each of which had combined with it five variable amounts of calcium as 
additions to the supply native in the initial clay. To each of these individual 
treatments were added other nutrients in constant quantities. The addi¬ 
tions consisted of 20 m.e. each of potassium and phosphorus and 6 m.e. each 
of magnesium and sulphate (table I). Growth responses indicated that 
sufficient quantities of all trace elements are supplied by the native clay 
subsoil employed as an adsorptive media, the absolute amounts varying, of 
course, directly with the quantity of clay used. Effects of the variable 
quantities of colloid in the several treatments, since they might influence 
diversely the physical properties of the growing media, were reduced to 
a minimum by blending the clay with large quantities of pure sand or other 
chemically inert material. Single treatments were replicated at least three 
times, but usually ten times. Variations in plant growth within individual 
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treatments were extremely small, resulting from the degree of control exer¬ 
cised upon the chemical as well as the physical properties of the substrate. 

In the more extensive studies involving variable levels of nitrogen, cal¬ 
cium, and phosphorus, aliquots of clay with ammonium nitrate and calicum 
acetate added in quantities to secure the desired ratios were prepared. 
Variable phosphorus levels were achieved without altering other nutrient 
levels, simply by adjusting the quantities of monobasic and dibasic potas¬ 
sium phosphates. Additional potassium, when needed, was supplied as the 
acetate. Control of nutrient levels was thus achieved with all nutrients 
other than nitrogen, calcium, and phosphorus constant for all treatments 


TABLE I 

Nutrients added to clay to provide variable levels of calcium and nitrogen 


Treatment 

Milliequivalents per plant 

Clay per 
plant 

Ca 

N 

P 

K 

Mg 

S 


m.e. 

m.e. 

m.e. 

m.(. 

m.e. 

m.(. 

gm. 

1 

40 

40 

20 

20 

6 

6 

717 

2 

40 

20 

20 

20 

6 

6 

633 

3 

40 

10 

20 

20 

6 

6 

592 

4 

40 

5 

20 

20 

6 

6 

571 

5 

20 

40 

20 

20 

6 

6 

550 

6 

20 

20 

20 

20 

6 

6 

467 

7 

20 

10 

20 

20 

6 

6 

425 

8 

20 

5 

20 

20 

6 

6 

404 

9 

10 

40 

20 

20 

6 

6 

467 

10 

10 

20 

20 

20 

6 

6 

383 

11 

10 

10 

20 

20 

6 

6 

342 

12 

10 

5 

20 

20 

6 

6 

321 

13 

5 

40 

20 

20 

6 

6 

425 

14 

5 

20 

20 

20 

6 

6 

342 

15 

5 

10 

20 

20 

6 

6 

300 

16 

5 

5 

20 

20 

6 

6 

279 

17 

0 

40 

20 

20 

6 

6 

383 

18 

0 

20 

20 

20 

6 

6 

300 

19 

0 

10 

20 

20 

6 

6 

258 

20 

0 

5 

20 

20 

6 

6 

238 


(table II). The amount of subsoil clay required to provide the exact 
exchange capacity for the added nutrients in each treatment was determined 
•beforehand in terms of the known qualities of the clay. Putnam subsoil 
material was then mixed under moisture with the particular nutrients and 
homogeneously blended with either pure white quartz sand or “Zonolite.” 2 
Plants grown in the resulting mixtures were harvested and yields expressed 
in terms of fresh weights of the tops. 

Results 

The yields, expressed as fresh weights of spinach (Bloomsdale Long 
Standing), Swiss chard (Lueullus), and head lettuce (Iceberg), grown at 
variable levels of calcium and nitrogen with all other nutrient constant in 
2 A type of vermiculite widely used as an insulating material. 




TABLE II 

Amounts of nutrient salts (m.e.) and clay used in providing three levels each of nitrogen, calcium, and phosphorus in 27 possible ratios 


W 

Pk 

g 


00 CC CO 

b- b- 

00 00 00 
IG © © 

© © © 

HHH 

rH rH rH 

rH rH rH 

© © © 

© © © 



g 

00 00 00 

© © © 

© © © 

<M C1C1 

b- b- b- 

SSN 


G G G 
© © © 


◄ 

© © © 

ri ri H 

© © © 

CO 00 CO 

© © © 

l> t> l> 

CM W CM 

oo oo oo 

3 

(J 

fc 


pi H H 

rH rH rH 


rH rH rH 

HHH 

1 

HHH 



■ • 


o o o 

© © © 

© © © 

© © © 

© © © 

© © © 

© © © 

© © © 

© © © 


o 

op 

S 

H H ri 

rH rH rH 

rH rH rH 

rH rH rH 

HHH 

rH rH rH 

HHH 

rH rH rH 

rH rH rH 


W 

8 


o o o 

© © © 

© © © 

© © © 

© © © 

© © © 

© © © 

© © © 

© © © 



S 

ri H ri 

rH rH rH 

rH rH rH 

rH rH rH 

HHH 

HHH 

HHH 

rH r-i rH 

rH rH rH 



c 

© © 

© IG 

IG IG 

IG © 

IG LG 

IG IG 

IG IG 

IG IG 

© © 




rH 00 

rH 00 

rH CO 

rH CO 

rH CO 

rH CO 

rH CO 

rH CO 

rH CO 


o 











g 












o 

1 











*—i 

o 

w 


IG IG 

IG IG 

IG IG 

© ig 

IG LG 

IG IG 

IG IG 

IG IG 

© © 

c& 

g 


s 

rH CO 

rH CO 

rH CO 

rH CO 

rH CO 

rH CO 

rH CO 

rH CO 

rH CO 

w 












< 



©CO 

IG IG »G 

IG IG IG 

© © © 

IG LG LG 

IG IG IG 

© © © 

IG © IG 

© © © 

> 

1—4 



© © © 

GGG 

rH rH rH 

© © © 

G G G 

rH rH rH 

© © © 

G G G 

HHH 

Or 

< 











w 

3 

cc 

o 

. 













© © © 

IG IG LG 

IG IG IG 

© © © 

IG IG IG 

IG IG IG 

© © © 

© © © 

LG © © 

s 


s 

© © © 

G ^ G 

rH ri rH 

© © © 

G G G 

rH rH rH 

© © © 

G G G 

rH 1—1 rH 

ft 
























g 












cc 

w 

o 

? 

c 

LG LG LG 

IG IG IG 

IG IG IG 

© LG © 

IG IG IG 

IG IG IG 

IG IG IG 

© © © 

© © © 

s 

G G rH 

G G rH 

G G rH 

G G rH 

G G rH 

G G rH 

G G rH 

G G ri 

G G rH 

w 










c 












>■ 

fcE 











c 

--- 

• 


© © o 








oc 



© © © 

© © © 

© © © 

© © © 

© © © 

© © © 

© © © 

© © © 

CL 

sc 

CO CO TH 

CO C0 rH 

CO CO rH 

CO CO H 

CO CO ri 

CO CO rH 

CO CO 1-H 

CO CO ri 

CO CO rH 

o 























o 












w 


m 










cc 

Q 


IG 

© 

LG 

LG 

LG 

LG 

IG 

© 

LG 

Cfi 

1 *7 

s 

G 

G 

G 

G 

G 

G 

G 

G 

G 


1 1 























«r* 

h4* 











cc 

H-t 












'—✓ 

V 

IG 

LG 

IG 

LG 

IG 

IG 

IG 

© 

© 





T—1 

rH 

rr 

rH 


rH 

rH 

rH 


i 

1 . 




rtJIHlN r-n H?«HN 

HMHN rfr) 

HM HN Hn 

HwHNHN 

HtH«HN 



<L 

IG LG IG 

LG IG IG 

IG IG IG 

W W Cl 

<M Cl <M 

N Cl d 

b- b- b- 

b- t- 

b- b- b- 


1 c 

1 1 
1 i 

5 

G G G 

G G G 

G G G 

01 <M CM 

<M Cl <M 

CM CM CM 


















• 




HNrHN 

Hc<hn r*/H 

Hr* Hmhn 

HifriHM 

H^J r*l -Tl 

.-iri hh 




IG IG IG 

LG LG LG 

IG IG IG 

Cl Cl Cl 

CM CM CM 

CM CM CM 

b» b- b- 

b- b- 

b- b- b- 

1 

1 

5 

G H* G 

G G G 

G G G 

Cl N N 

CM CM CM 

(M CM CM 





cu 


© IG »G 

© IG IG 

© 10 IG 

© LG IG 

© IG LG 

© IG IG 

© IG IG 

© © LG 

© © © 

l/I 

w 

i 

Oi ^ H 

© G rH 

© G rH 

© G rH 

© G rH 

© G rH 

© G rH 

© G rH 

© G rH 

1 

1 

i 










o 

1 











CQ 

ffj 

C 

© © © 

IG IG IG 

IG IG IG 

© © © 

LG IG IG 

IG IG IG 

© © © 

© © © 

© LG © 

■< 

PH 

PS 

1 ^ 

5 

© © © 

G G G 

rH rH rH 

© © © 

G G G 

HHH 

© © © 

G G G 

rH rH rH 

■< 

J 












1 


© © © 

© © © 

© © © 

IG IG IG 

IG IG IG 

IG IG IG 

IG IG IG 

© © © 

© © © 


1 £ 

S 

© © © 

© © © 

© © © 

G G G 

G G G 

G G G 

HHH 

rH rH rH 

HHH 

j 

H 












95 











i 

j 

3 

g 


rH (M 00 

G IG © 

fc- 00 © 

© H CQ 

CO G IG 

© l> 00 

© © rH 

eg CO G 

© © 

1 

■ 

1 



ri H H 

rH rH rH 

HHH 

th eg eg 

eg eg eg 

eg eg eg 

1 

E 

H 













248 


PLANT PHYSIOLOGY 


all treatments, are given (table III). It is noteworthy that the lowest 
production occurred in spinach and chard when the highest level of calcium 
(40 m.e.) was combined with the lowest nitrogen level (5 m.e.) in treat¬ 
ment 4. This reduction in growth was much greater than with a deficiency 
of both elements, as in treatment 16 or 20. With the highest amount of 
calcium (40 m.e.) the successive increases of applied nitrogen gave a general 
increase in the yield with all crops. At the reduced calcium levels of 10 
and 20 m.e. and especially at the 0 and 5 m.e. levels increases in the nitrogen 
from 5 to 10 m.e. and from 10 to 20 m.e. also gave a significant rise in yield, 
but a further increase to 40 m.e. of nitrogen cut production rather sharply 


TABLE III 

Yields op spinach, swiss chard, and lettuce according to variable 

LEVELS OF CALCIUM AND NITROGEN 


Treatment 

Variables 

Fresh weights* 

Ca 

N 

Spinach 

Swiss chard 

Lettuce 


m.e. 

m.e. 

gm. 

gm. 

gm. 

1 

40 

40 

234.4 

634.6 

580.0 

2 

40 

20 

170.8 

487.3 

393.0 

3 

40 

10 

85.0 

391.6 

171.0 

4 

40 

5 

36.5 

32.0 

239.0 

5 

20 

40 

320.5 

486.4 

431.0 

6 

20 

20 

220.1 

693.5 

489.0 

7 

20 

10 

108.5 

333.8 

240.0 

8 

20 

5 

65.4 

212.7 

155.5 

9 

10 

40 

179.1 

233.3 

529.0 

10 

10 

20 

229.0 

243.4 

485.0 

11 

10 

10 

138.5 

215.2 

220.0 

12 

10 

5 

114.9 

171.5 

161.0 

13 

5 

40 

128.6 

179.8 

158.0 

14 

5 

20 

205.1 

133.8 

400.0 

15 

5 

10 

153.1 

116.6 

258.0 

16 

5 

5 

60.1 

104.6 

181.0 

17 

0 

40 

67.8 


67.0 

18 

0 

20 

197.3 


260.0 

19 

0 

10 

99.9 


155.0 

20 

0 

5 

76.7 


60.0 


* Grams per ten plants. 


in all three crops. Yields were a direct function of the total nutrient supply 
only when the variables were properly balanced. They point out that a 
high calcium level must be accompanied by adequate amounts of nitrogen, 
and a high nitrogen level by sufficient amounts of calcium. Results obtained 
by growing spinach and Swiss chard at levels of 5, 15, and 45 m.e. each of 
nitrogen, calcium, and phosphorus in all 27 combinations are summarized 
(table IV). Potassium was held constant at 20 m.e. and magnesium and 
sulphate at 5 m.e. for each treatment. 

Although responses to nitrogen and phosphorus were outstanding, cal¬ 
cium exacted appreciable influence. Considering calcium, the largest growth 
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occurred at the moderate (15 m.e.) level of calcium combined with the high¬ 
est of nitrogen (treatments 4-6 inclusive). At a low Initrogen level for both 
crops (treatments 19-27) and at a medium level of nitrogen for Swiss chard 
(treatments 10-18) an improvement in growth was obtained when the cal¬ 
cium was reduced to its lowest figure. A rather marked reduction in the 
yield of both vegetables was noted as the calcium was increased in combina¬ 
tion with the lowest nitrogen level. 

TABLE IV 


Yields op spinach and swiss chard according to variable levels op 

NITROGEN, CALCIUM, AND PHOSPHORUS 


Treatment 


Variables 


Fresh weight* 

N 

Ca 

P 

Spinach 

Swiss chard 


m . e . 

m . e . 

m . e . 

gm . 

gm . 

1 

45 

45 

45 

168.8 

227.7 

2 

45 

45 

15 

197.6 

202.6 

3 

45 

45 

5 

45.5 

93.5 

4 

45 

15 

45 

213.7 

232.0 

5 

45 

15 

15 

176.0 

181.0 

6 

45 

15 

5 

53.8 

114.3 

7 

45 

5 

45 

145.5 

206.3 

8 

45 

5 

15 

171.5 

178.7 

9 

45 

5 

5 

68.3 

88.2 

10 

15 

45 

45 

101.5 

67.8 

11 

15 

45 

15 

82.7 

53.4 

12 

15 

45 

5 

70.1 

41.5 

13 

15 

15 

45 

129.6 

68.2 

14 

15 

15 

15 

102.2 

69.1 

15 

15 

15 

5 

87.8 

53.0 

16 

15 

5 

45 

104.7 

112.0 

17 

15 

5 

15 

103.1 

92.3 

18 

15 

5 

5 

78.5 

65.3 

19 

5 

45 

45 

28.2 

20.1 

20 

5 

45 

15 

18.7 

12.8 

21 

5 

45 

5 

14.7 

9.6 

22 

5 

15 

45 

43.5 

24.5 

23 

5 

15 

15 

24.4 

18.0 

24 

5 

15 

5 

19.5 

20.0 

25 

5 

5 

45 

35.0 

35.2 

26 

5 

5 

15 

28.6 

21.6 

27 

5 

5 

5 

25.4 

15.2 


* Grams per five plants. 


Increments of phosphorus applied to cultures low in nitrogen (5 and 15 
m.e.) failed to give the yield increases possible at high nitrogen (45 m.e.). 
Conversely, the response to increasing nitrogen was largely governed by 
the phosphorus supply. When additional calcium was supplied to cultures 
low in phosphorus, the deficiency of phosphorus was accentuated (compare 
treatments 12, 15, 18 and 21, 24, 27). The best nutrient-element balance 
for yield increase was attained in treatment 4, with 45 m.e. as the level of 
nitrogen and phosphorus and with 15 m.e. as that for calcium. The lack 
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Fig. 1. Tomato plants at variable levels of nitrogen, calcium, and phosphorus. 
(Numbers indicate m.e. of respective nutrients applied per plant.) 


of balance with reference to plant growth was most evident in treatment 21 
where 45 m.e. of calcium were combined with 5 m.e. each of nitrogen and 
phosphorus. 

Responses by the tomato plant (variety Marglobe) to combinations of 
three variable levels of nitrogen, calcium, and phosphorus are portrayed 
(fig. 1). Yields expressed as fresh weights of vegetation are given (table 
V). The plants were grown at 5, 15, and 45 m.e. each of nitrogen, calcium, 
and phophorus in 27 different combinations. It is evident that a lack of 
balance among the nutrients was more detrimental than a deficiency in all. 

TABLE Y 

Yields op tomato plants according to variable levels of nitrogen, calcium, and 

PHOSPHORUS* 


Phos¬ 

phorus 

Nitrogen 5 m.e. 

Nitrogen 15 m.e. 

Nitrogen 45 m.e. 

Calcium, m.e. 

Calcium, m.e. 

Calcium, m.e. 

5 

15 

45 

5 

15 

45 

5 

15 

45 

m.e. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

45 

68.6 

76.8 

57.6 

166.0 

153.6 

169.4 

442.0 

567.6 

516.2 

15 

00.4 

61.0 

158.0 

202.8 

214.8 

200.4 

345.2 

477.6 

377.4 

5 

60.8 

48.8 

55.4 

160.4 

119.6 

41.2 

29.0 

25.4 

21.2 


* Grams per three plants. 
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The data indicate that phosphorus deficiency in the plants at the 5 m.e. level 
of this nutrient was greatly accentuated by high calcitim and high nitrogen. 
With the low level of phosphorus, an increase in the nitrogen from 15 to 45 
m.e. depressed the yields. Similarly, at 5 m.e. of phosphorus (and constant 
osmotic pressure) the increases of calcium gave decreasing yields. 

The phosphorus response in tomato nutrition (fig. 1), was dependent 
almost entirely upon the soil nitrogen supply. By contrast, addition of 
nitrogen to the soil decreased or increased yields depending on the amount 
of phosphorus present. With respect to increasing amounts of calcium 
applied at a high nitrogen and a high or medium phosphorus level, the effects 
were first an increase and then, with further additions of calcium, a decrease 
in production. At low phosphorus and high nitrogen levels, the calcium 
additions progressively diminished yields. In the tomato as with other 



IS 45 « 

I T II 0 6 C 

— L_V * 


Fig. 2. Tampala plants at variable levels of nitrogen, calcium, and phosphorus. 
(Numbers indicate m.e. of respectne nutrients applied per plant.) 

crops, growth was determined not so much by the total quantities of nutri¬ 
ents added as by the balance relations existing among the elements. 

Tampala ( Amaranthus gangcti-cus) was grown at nutrient levels of 15, 
45, and 90 m.e., each of nitrogen, calcium, and phosphorus in all possible 
combinations. The nutrient salt additions and clay aliquots were set up 
in accordance with the scheme as outlined (table II). The resulting plant 
growth and yields of the crop are presented (fig. 2 and table VI). The 
influence on the yields by a proper balance among the nutrients was again 
clearly demonstrated. Phosphorus additions either increased, had little 
effect on, or decreased the growth, depending on the nitrogen and calcium 
levels. At 15 m.e. of nitrogen, increased phosphorus depressed the yields 
at all three calcium levels; at 45 m.e. of nitrogen there was little influence, 
whereas at 90 m.e. of nitrogen, a very significant yield increase was noted. 
When only 15 m.e. of nitrogen were provided, the addition of calcium accen- 


252 


PLANT PHYSIOLOGY 


TABLE VI 

Yields op tampala plants according to variable levels of nitrogen, calcium, 

AND PHOSPHORUS* 


Phos¬ 

phorus 

Nitrogen 15 m.e. 

Nitrogen 45 m.e. 

Nitrogen 90 m.e. 

Calcium, m.e. 

Calcium, m.e. 

Calcium, m.e. 

15 

45 

90 

15 

45 

90 

15 

45 

90 

m . e . 

gm . 

gm . 

gm . 

gm . 

gm . 

gm . 

gm . 

gm . 

gm . 

90 

55.1 

52.9 

42.1 

227.0 

230.3 

219.9 

332.5 

372.3 

362.9 

45 

63.8 

57.1 

52.6 

194.7 

273.4 

265.2 

316.7 

319.8 

333.2 

15 

■ 

87.7 

69.5 

62.1 

184.6 

206.9 

169.5 

186.8 

161.7 

90.4 


* Grams per five plants. 


tuated nitrogen deficiencies at all three phosphorus levels. Plants grown 
with 90 m.e. of nitrogen and 15 m.e. of phosphorus gave noticeably reduced 
yields, especially when this lack of balance was aggravated by calcium 
additions. 

Discussion 

In the experiments on nutrient-element balance for growing plants by 
the sand and/or solution culture method reported to date, it was impossible 
to control total concentrations of solutions (4) and hence their osmotic pres¬ 
sures as the ions were varied. On the other hand, if the concentrations were 
held constant (28), then an increase or decrease in one nutrient ion required 
that other ions be varied (11, 24). Exact interpretation of results in terms 
of a single ion is extremely difficult with sand and solution cultures. 

As an approach to the accurate study of nutrient balance, the clay tech¬ 
nique of plant growing is admirably adapted. The advantages of this 
method, and of using other ion adsorptive materials, for refined control of 
nutritional experiments with vegetables have previously been outlined 
(1, 2, 3, 5, 14). Not only do ion adsorptive materials permit the addition 
of each major cation separately as a carbonate, hydroxide, or acetate without 
changing other ionic concentrations, but clay holds also the anion of phos¬ 
phorus in an adsorbed form (13). Studies conducted by Graham and 
, Albrecht (10) have shown that the nitrate anion may be adsorbed by cer¬ 
tain synthetic resins. The adsorbed nitrate was available to plants as read¬ 
ily as were adsorbed cations. Cora plants grew equally well when nitrogen 
was added in the adsorbed form as in solution. Jenny (15) demonstrated 
by growing lettuce that adsorbed nitrates were superior to soluble nitrates 
in amounts above 20 m.e. per plant. The possibility of combining cation 
and anion adsorptive materials should not be overlooked in plant nutritional 
studies. 

Physical structures of the clay cultures have not gone without considera¬ 
tion. Variations in nutrient levels and colloid content must have a mini¬ 
mum effect on the physical properties of the soil. When combined with 
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large quantities of leached white sand, the clay adheres to the surface of 
sand particles making up only a small fraction of the total body. Thus the 
physical properties of the media are not greatly affected. Even a more 
ideal culture mixture with reference to physical structure can be had by 
blending clay with “Zonolite.” This heat-treated mineral silicate is readily 
available in several forms as a common insulating material, has a high water¬ 
holding capacity, and is practically inert chemically. Its use in combina¬ 
tion with clay in nutrient cultures •of restricted volume facilitates the addi¬ 
tion of large quantities of clay loaded with nutrient ions. At the same time, 
a physical soil structure is created which is easily penetrable throughout by 
plant roots, has a high water-holding capacity, and is sufficiently porous for 
adequate aeration. 

Nutrient balance only as it affects yields of some vegetable crops has 
been emphasized in this report. A few variable levels and combinations of 
levels of nitrogen, calcium, and phosphorus have thus far been utilized in 
the approach to fertility balance in nutrition of vegetable crops. These 
are the nutrient elements most commonly deficient in Missouri soils. An 
influence of the balance of nitrogen and calcium on the vitamin, mineral, 
and oxalate contents has been shown (32, 33, 34). Some of the possibilities 
of disease (19, 23, 29, 30, 36) and insect (35) control through balanced soil 
fertility have been demonstrated. The approach offered by the colloidal 
clay technique of growing plants, provides a means of studying nutrient 
balance relations in their many ramifications, heretofore not fully appre¬ 
ciated by students of plant nutrition. 

Summary 

1. The influence of nutrient-element balance on the growth and produc¬ 
tion of vegetation in spinach, Swiss chard, lettuce, tampala, and tomato was 
studied by means of growing the plants in cultures prepared by blending 
colloidal clay with sand or chemically inert “Zonolite.” Variable levels of 
nitrogen, calcium, and phosphorus were supplied. 

2. Growth responses by the plants were found to be dependent on rela¬ 
tive proportion as well as absolute amounts of variable nutrient elements 
present in the substrate. Yields were increased, not affected, or depressed 
by a particular ion, depending on the levels at which the other ions were 
present in the media. A lack of balance was demonstrated to be more detri¬ 
mental to plant growth than a deficiency of all the variable nutrients. 

3. Advantages of colloidal clay cultures as a means of approach to the 
study of nutrient-element balance are outlined. Maximum flexibility of 
variables is possible without concomitant alterations in osmotic pressures or 
physical properties of the media. 

Grateful acknowledgment is given to Mr. H. R. Goff for providing some 
of the data presented for tampala. 

Missouri Agricultural Experiment Station 
University or Missouri 
Columbia, Missouri 
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Introduction 

In a series of studies (16,18, 20) on the organic acids of citrus fruits, the 
authors have pointed out that large amounts of organic acids exist in the 
juice of the pulp, as compared with exceptionally low concentrations in the 
peel. The vascular system of the fruit is confined chiefly to the mesocarp 
(albedo), and the latter thus serves the important function of transporting 
water and solutes from the tree to the juice vesicles of the pulp. Since these 
vesicles contain relatively large amounts of organic acids, it would appear 
that higher concentrations than are present should occur in the mesocarp, 
that is, if the total organic acid radical is transferred from leaves to vesicles. 
This situation led to the postulation that the organic acids of the juice are 
possibly synthesized in the pulp vesicles rather than in the leaves and subse¬ 
quently transferred to the pulp. Quantitative determination and identi¬ 
fication of the organic acids present in the leaves should provide fundamental 
data necessary for a solution to this problem. 

The present investigation has been concerned with the extraction of the 
organic acids from ground, dried Valencia orange leaves with absolute ethyl 
ether, and with the subsequent determination of total and individual organic 
acids in the w T ater solution of the ether extract. Tn addition, water-soluble 
organic acids were extracted directly from aliquot portions of the dried leaf 
samples, and these data were compared with the total and individual acids 
extracted with ether. This information revealed the amounts of organic 
acids present in the leaves in soluble and insoluble states. The influence of 
these factors on the buffer system of the leaves is discussed. Furthermore, 
certain relationships are proposed concerning the synthesis and translocation 
of organic acids from the leaves to the fruit. 

Materials and methods 

Preparation of samples 

For these experiments, 300- to 500-gram samples of mature Valencia 
orange leaves (1 to 2 years old) were taken from 20-year-old trees in plots 
located at the University of California Citrus Experiment Station. Leaf 
samples were purposely picked at stated hours (9:00 a.m. and 1:30 p.m.), 
over a period of five days, beginning at 1:30 p.m. June 10 and ending at 
9 :00 a.m. June 14. 

i Paper no. 555, University of California Citrus Experiment Station, Riverside, Calif - 
fornia. 
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The freshly picked leaves were wiped free of dirt with a soft cotton cloth, 
placed in wire baskets, and dried in a ventilated oven at 65° C. When 
thoroughly dried, the leaf samples were ground to a finely divided state in 
a Wiley mill. The total nonvolatile organic acids were extracted from these 
dried, ground samples with absolute ethyl ether. 

Water extracts on which the soluble organic acids were determined were 
obtained by placing 2 gm. of dried leaves and 125 ml. of water in a round- 
bottom flask and allowing extraction, with frequent shaking, on a water bath 
for 4 hours. The extract was filtered from the residue, and the filtrate and 
washings were diluted to a 200-ml. volume. Aliquot portions of this extract 
were used for determining the soluble citric, malic, and oxalic acids, and the 
soluble potassium and calcium. The pH values of the water extract were 
also determined on aliquot portions of this solution. 

Leaf sap was obtained by cutting the fresh leaves into small pieces, plac¬ 
ing them in glass jars with covers, and freezing the tissue for 48 to 60 hours 
at - 25° C. After thawing, the sap was extracted from the leaves by means 
of a hydraulic press, at a pressure of 20,000 pounds per square inch. Sap 
was centrifuged, and the supernatent liquid was used for determining the 
titration curve. 

Chemical methods 

Organic acids were isolated from the dried leaf samples by the method 
of Pucher, Vickery, and Wakeman (10). A known weight of ground, 
dried leaves was acidified to pH 1 with sulphuric acid (4 N) and mixed 
thoroughly with asbestos. The material was subsequently extracted with 
absolute ether (H 2 0 2 free) for 30 hours. Water was added to the extract 
and the ether was carefully evaporated from the solution, leaving the organic 
acids in the aqueous phase. The water solution containing the organic acids 
was filtered into a volumetric flask and diluted to final volume. Aliquot 
portions of this solution were used for analysis. 

Total organic acids were determined by titrating the water solutions of 
the ether extracts between the limits of pH 7.8 and pH 2.6, according to the 
method of Van Slyke and Palmer (21). Since oxalic acid reacted as a 
monobasic acid under these conditions, a correction was made by determin¬ 
ing, independently, the amount of oxalic acid in the samples. Suitable 
aliquots, depending upon the oxalic acid content, were measured into 100 -ml. 
beakers and acidified to Congo red with 0.5 N HC1. The material that floc¬ 
culated on standing was filtered off on a fine-sintered crucible and washed 
with water. The precipitation and titration of the oxalate from this clear 
liquid were carried out according to the procedure of Pucher, Vickery, and 
Wakeman (10). 

Titration values of the sap and water extracts of the dried leaf samples 
were determined at 23° C. with a Beckman glass-electrode pH meter. 

The quantitative determination of citric acid, free and combined, was 
made qj^fhe samples by the pentabromacetone method of Pucher et al. (11). 
Themi&ple was heated with'H 2 S0 4 to convert the combined citrates to free 
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citric acid, and the citric acid was oxidized to pentabromacetone by KMn0 4 
in the presence of KBr. After extraction of the 'pentabromacetone with 
petroleum ether, the bromide ion was liberated with Na 2 S and subsequently 
titrated with standard AgN0 3 . Citric acid in the original sample was 
calculated from the titration. 

Malic acid was determined on aliquot portions of this solution by the 
pentabromacetone method of Pucher et al. (11). The principle of the 
method involved oxidation of malic acid with KMn0 4 in the presence of KBr, 
to a bromine compound volatile with steam. This compound reacts with 
2,4-dinitrophenylhydrazine to give a water-insoluble product which is solu¬ 
ble in pyridine. A pyridine solution of this substance, when correctly di¬ 
luted with water and made alkaline with NaOH, develops a blue color 
proportional to the amount of malic acid present. 

Organic acids of the water extract were precipitated from an alcohol 
solution (85%) of the extract with lead acetate, according to the procedure 
of Hartmann and Hillig (3). The precipitate was washed with alcohol, 
suspended in water, and freed of lead by passing H 2 S through the solution. 
The lead sulphide was filtered off and washed with water. The filtrate and 
washings were combined and diluted to a known volume. Aliquot portions 
of this solution were used for determining the organic acids that were pre¬ 
cipitated with lead acetate. 

The total and water-soluble calcium and potassium were determined on 
the dried leaf samples. Calcium was determined volumetrically by treating 
the oxalate with dilute H 2 S0 4 and subsequently titrating the liberated oxalic 
acid with standard potassium permanganate. Potassium was determined 
gravimetrically according to the method described by Wilcox (22). 

Results 

Ether-soluble organic acids of the leaves 

The amounts of the various organic acids obtained from dried Valencia 
orange leaves by continuous extraction with absolute ethyl ether are shown 
(table I). As the extraction was performed at a pH of 1, the ether extract 
includes, in the free form, the total organic acid radical. The various organic 
acid constituents in these mature leaves did not vary significantly with 
respect to the time of day in which the samples were collected. 

Total acids extracted from the leaves with ether were determined by 
titrating the aqueous solutions of the ether extracts between pH 7.8 and pH 
2.6. Concentration of total acids in the leaf samples ranged from 1.895 
m.e. to 2.492 m.e. per gram of dry matter. The distinctive feature of table 
I is that the concentrations of malic and oxalic acids are shown to be more 
than twice that of citric acid. The sum of the citric, malic, and oxalic acids 
is not equal to the total acids extracted from the leaves with ether. Unde¬ 
termined acids in the samples varied from 10.06% to 24.08% of the total 
acids present. Apparently one (or more) unknown organic acid is present 
in this undetermined fraction. It should be emphasized at this point that 
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the total acids extracted from the leaves by ether were corrected for the 
phosphate and H 2 S0 4 occurring in the extract. i 

Although the different acid fractions showed considerable variation 
between samples, as a whole the results showed definite uniformity. Since 
these leaves were fully mature, their respiration rates and metabolic reac¬ 
tions were probably much lower than similar reactions in young leaves. If 
these mature leaves had had high respiration rates, it is probable that large 
differences in the concentration of organic acids would have occurred between 
the different samples. 

Water-soluble organic acids op the leaves 
The water-soluble organic acids in the dried leaf samples are shown 
(table II). Obviously, these determinations were made on the same leaf 



Fig. 1 . Titration curve of undiluted sap of mature Valencia orange leaves. 

samples used in obtaining the data for table I. Total soluble acids in the 
water extract varied from 1.056 m.e. to 1.478 m.e. per gram of dry matter. 
Active acidity of the water extracts varied between pH 5.35 and pH 5.55. 
These values are slightly lower (0.3 to 0.4 of a pH) than those recorded for 
undiluted leaf sap (fig. 1). No presumption is made that the pH values of 
either the water extracts or expressed saps represent the pH of the uninjured 
cells. Under such experimental conditions as these, all pH and concentra¬ 
tion gradients within and between the cells of the leaves are eliminated. 
The ionic concentrations of the water extracts and of the expressed saps are 
quite different from the total amount soluble in the sap of uninjured cells. 
The pH values of these systems therefore represent determinations made on 
a composite sample of the soluble constituents that affect the acidity and 
buffer properties of the leaf tissue. 

The amounts of water-soluble citric acid in the different samples varied 
from 13.90 mg. to 19.72 mg. per gram of dry matter. In all samples except 
one (no. 5), more than 909? of the total citric acid was water soluble. 
Similar values for malic acid reveal the high solubility of this acid in the 
water extract. For some unknown reason, however, the values for malic 
acid were slightly more variable than those for citric acid. It is possible 
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that these variations may be attributed to the highly active character of 
malic acid biochemically; its concentration in the leaves is influenced by 
diurnal changes as well as by methods of treatment previous to analysis. 

The high solubility of citric and malic acids in the water extracts indi¬ 
cates that these two acids are also soluble in the leaf cells. That citric and 
malic acids are soluble in the extract in the presence of calcium ions is shown 
by the data in table III. In acid medium calcium ions do not precipitate 
citric and malic acids. In citrus leaf sap, which has an approximate pH 
of 5.8, citric and malic acids are soluble in the presence of calcium and free 
to migrate and participate in the metabolic processes of the cells. 

In comparison with the total oxalic acid in the leaves (table I), the 
amount soluble in water, in the presence of soluble calcium, was relatively 
small (1.31 mg. to 1.85 mg. per gram of dry matter). This represents the 
approximate limit of solubility under these experimental conditions. Re¬ 
sults show that most of the oxalic acid in mature Valencia orange leaves is 
in the cells as insoluble calcium oxalate. Some of the insoluble oxalate may 
be in the form of magnesium salt. This view is deducted from the results 
of experiments of Pierce and Appleman (8), who found that magnesium 
oxalate forms a supersaturated solution. 

Water-soluble citric, malic, and oxalic acids are not equal in concentra¬ 
tion to total acids in the water extract. The undetermined acids in the water 
extract are composed of some inorganic acid salts, and perhaps of other 
organic acid radicals. 

Relation of soluble and insoluble calcium and potassium to the 

OXALIC AND TOTAL ACIDS OF THE LEAVES 

In general, the excess inorganic cations (over anions) of leaf tissue are 
highly correlated with the ether-soluble organic acids (8, 13), and the insolu¬ 
ble oxalates are highly correlated with the insoluble calcium (5, 6). In the 
present experiments no attempt was made to determine the cation-anion 
balance, but the data recorded in table HI reveal certain pertinent facts 
about the potassium and calcium in relation to the acid constituents and 
their buffer properties in the leaves. The sum of calcium and potassium 
accounts for more than 95% of the total inorganic cations in these samples. 
The remainder of the inorganic cations is composed chiefly of magnesium 
and sodium. 

Total calcium in the different samples varied from 1.882 m.e. to 2.017 
m.e. per gram of dry matter. The calcium content of citrus leaves increases 
with the growth and age of the tissue (7); therefore, if these leaves had been 
older (for example, 3 years of age) the calcium concentration would have 
been much higher. Water-soluble calcium amounted to an average of 
44.76% of the total calcium. More than half of the total calcium is com¬ 
bined in the leaves in an insoluble form. Again, it is essential to draw atten¬ 
tion to the low concentration of oxalic acid in the water extracts (3.98% of 
total oxalic acid). Consequently, nearly all the oxalic acid in the leaves is 
in the form of insoluble oxalates. This condition in the leaves confirms the 
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generalization that insoluble oxalates are correlated with insoluble calcium. 
If the sum of the water-soluble calcium and that combined with the oxalic 
acid be subtracted from total calcium, there remains a portion of insoluble 
calcium to combine with other substances (calcium pectate, etc.) of the 
leaves. The increase in insoluble oxalates with the growth and age of leaves 
is similar to the increase in total calcium. Calcium used in forming insolu¬ 
ble oxalates is not available for metabolic purposes. Apparently, the pH 
within the cells of citrus leaves never becomes sufficiently low to put calcium 
oxalate into solution. If this form of calcium is to be utilized by the plant, 
an enzymatic mechanism or some other process would have to change the 
insoluble calcium oxalates to other soluble compounds. 

Nearly all the potassium in these leaf samples is water soluble (96.32% 
to 99.46%). This is evidence that the potassium salts are in the ionic form. 
Potassium salts of the organic acids are soluble in water. As these salts are 
soluble in the leaves, they contribute a considerable part of the buffer capac¬ 
ity of the leaf sap. The type of buffer curve exhibited by the sap is shown 
(fig. 1). Concentration of free acids, organic and inorganic, in the sap is 
relatively small and is represented by the portion of the curve between zero 
and the milliequivalents of NaOH required to bring the system to a pH of 
8.20. The acid titration curve is recorded only to a pH of 4.60, and to 10 
m.e. IICl per 100 ml. of leaf sap. From this point to a pH of 2.0, the curve 
slopes very gradually and is not of sufficient importance for consideration 
in these studies. 

Water-soluble acids in the leaf samples average 55.13% of the total ether- 
soluble organic acids; the amount of organic acids insoluble in water is 
therefore 44.87'/*. Note has already been made of the high concentration 
of oxalic acid in the leaves, most of which is insoluble in water. The sum 
of the water-soluble acids and the total oxalic acid is nearly equal to the total 
acids of the leaves. In other words, oxalic acid accounts for nearly all the 
insoluble organic acids in the leaves. 

Acid constituents of the leaves compared with those 
OF the fruit juice and peel 

An interesting comparison is shown (fig. 2), in that the total, citric, 
malic, and oxalic acids are given for mature leaves and for the juice and 
peel of mature Valencia orange fruits. Leaves contained the highest con¬ 
centrations of total, malic, and oxalic acids; juice, however, contained the 
highest concentration of citric acid. The peel contained the lowest concen¬ 
trations of total and citric acids; the juice contained the lowest concentra¬ 
tions of malic and oxalic acids. Special attention should be drawn to the 
exceptionally low concentration of citric acid in the peel. As already shown, 
the sum of the citric, malic, and oxalic acids is not equal to the total acids 
of the leaves, the undetermined fraction amounting to approximately 15 m.e. 
per gram of fresh weight. The determined fraction is composed chiefly of 
malic and oxalic acids, accompanied by a small amount of citric acid. As 
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in the leaves of most plants, the concentration of malic acid exceeds that of 
citric acid. 

The exceptionally low concentration of organic acids in the peel of citrus 
fruits, in comparison with that in the leaves and juice, is highly suggestive 
of the location of organic acid synthesis in citrus fruits. These fruits, unlike 
pomaceous fruits, have no fleshy centers permeated by fibrovascular bundles. 
The vascular system is chiefly confined to the mesocarp (spongy parenchyma 
of the peel), and therefore serves the important function of transporting 
water and solutes from the tree to the pulp vesicles. These conclusions have 



TOTAL CITRIC MALIC OXALIC 
ACIDS 


Fig. 2. Comparison of organic acids in mature leaves and in peel and juice of 
mature fruits of the Valencia orange. 

been substantiated by the experiments of Hodgson (4), of Bartholomew 
(1), and of Bartholomew and Reed (2), who showed the existence of an 
equilibrium between the water in citrus trees and in their fruits. This equi¬ 
librium is manifested by the diurnal changes in volume of fruits on trees 
subjected to an environment, conducive to excessive leaf evaporation. Re¬ 
sults of these studies led Reed (14) to conclude that the translocation of 
liquids in citrus fruits is through the layers of hydrophilic colloids on the 
walls of the'mesocarp, and that the juice vesicles in the pulp of the fruit 
exert sufficient suction pressure to pull the water from the hydrated colloids. 

These forts are pertinent to organic acid synthesis in citrus fruits in view 
of. the fart foat large amounts of organic acids are synthesized in the leaves, 
and if those acids are subsequently transferred to the juice vesicles through 
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the albedo (mesocarp), it would appear that higher concentrations than are 
present should occur in the mesocarp. The mesocarp contains sufficient 
cations to form salts (soluble and insoluble) as the organic acids pass through 
the peel to the vesicles, which contain large amounts of organic acids. The 
mesocarp is notably low in amounts of free and combined organic acids, 
however. During the entire growth and maturation of the fruit the pas¬ 
sage of water and solutes from leaves to vesicles and vice versa, during periods 
of excessive leaf evaporation, did not result in accumulation of organic acids 
in the peel of mature fruits. If the accumulation of citric acid in the juice 
vesicles is caused by its transfer from leaves to vesicles during fruit growth, 
the assumption can be made that there should be more citric acid in the peel 
and more malic acid in the juice. According to figure 2, the leaves contain 
nearly three times as much malic as citric acid, and the juice of the pulp 
contains eight times as much citric as malic acid. To reverse this ratio 
during transfer from leaves to vesicles, a conversion of malic to citric acid 
must take place, or citric acid must be synthesized in the vesicles. 

Whatever may be the cause for this reversal in concentration of malic 
and citric acids, attention should be drawn to the experimental data that 
have accumulated to support the thesis that, under certain conditions, malic 
acid is converted to citric acid. Pucher et al. (12) found that the culture 
of tobacco leaves in the dark brought about a decrease in malic acid equiva¬ 
lent to 14.2'/, 11.2 '/, and 8.5% respectively, of the organic solids, and an 
increase in citric acid of 8.3%, 6.6%, and 5.1% respectively, of the organic 
solids. These results were confirmed by Platnitsky (9), who found that 
citric acid in excised tobacco leaves, when exposed to solutions of potassium 
salts of malic, succinic, and fumaric acid, was four to five times that of the 
fresh leaves. 

Lack of accumulation of organic acids in the peels of citrus fruits sug¬ 
gests that organic acids in the pulp are synthesized in the vesicles from the 
carbohydrates. This deduction agrees with the limited experiments by 
Ricevtto (15), who concluded that citric acid is formed in lemon fruits 
from reducing sugars and pentosans by enzymatic action. Although the 
organic acids have not been determined for mature lemon leaves, data are 
available for lemon peel (19) and for lemon juice (17). It is highly prob¬ 
able that the concentration of organic acids in lemon leaves is not signifi¬ 
cantly different from that in Valencia orange leaves. The concentration of 
organic acids in lemon peel is about equal to that in Valencia orange peel 
(fig. 2). The situation is quite different with respect to lemon juice. A 
sample of mature lemon juice containing 60 mg. per milliliter of citric acid 
has approximately 90 m.e. of total acid per 100 gm. fresh weight. This con¬ 
centration is of the same order of magnitude as that of the leaves, but lemon 
peel is exceptionally low in total acid content. 

Summary 

The total organic acids were extracted from mature Valencia orange 
leaves with absolute ether, and the water solution of the extract was subse- 
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quently analyzed for total acid and for citric, malic, and oxalic acids. The 
undetermined acid fraction in the ether extract amounted to a mean of 
17.76% of the total acids. This indicates the presence of one or more un¬ 
known organic acids in the leaves. The mean concentrations of citric, malic, 
and oxalic acids were 12.28%, 30.57%, and 39.38% , respectively, of the total 
acids. 

An analysis of the water extract of the leaf samples showed that while 
most of the citric and malic acids were water soluble, most of the oxalic acid 
was insoluble in the water extract. Some of the calcium and all the potas¬ 
sium proved to be water soluble. More than half of the total calcium is 
combined in the leaves in an insoluble form. The insoluble oxalates are 
correlated with the insoluble calcium. Increase in insoluble oxalates with 
the growth and age of the leaves is similar to the increase in total calcium. 
If the sum of the water-soluble calcium and that combined with the oxalic 
acid be subtracted from total calcium, there remains a portion of insoluble 
calcium to combine with other substances (calcium pectate, etc.) of the 
leaves. The sum of the water-soluble acids and the total oxalic acid is nearly 
equal to the total acids of the leaves. The water-soluble organic acids and 
the soluble cations (calcium and potassium) form the free acid-salt relation¬ 
ships that contribute to the buffer capacity of the leaf sap. 

The leaves contained nearly three times as much malic as citric acid, 
and the juice of the pulp contained eight times as much citric as malic acid. 
To reverse this ratio during transfer from leaves to vesicles of the pulp, it 
is postulated that a conversion of malic to citric acid must take place, or 
citric acid must be synthesized in the juice vesicles. 

Possible synthesis of the organic acids in the vesicles of citrus fruits is 
discussed. 

University of California 

Citrus Experiment Station 
Riverside, California 
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STARCH HYDROLYSIS INDUCED BY POLARIZED LIGHT IN 
STOMATAL GUARD CELLS OF LIVING PLANTS 
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(WITH FIVE FIGURES) 
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It was reported in 1930 (2) that exposure to polarized light had been 
found to induce hydrolysis of starch grains in the mesophyll of living leaves. 
Similar action on starch grains in vitro has also been observed (1, 3, 6). 
The present paper gives an account of some experiments on the hydrolyzing 
influence of polarized light when applied to foliar stomata. In many plant 
forms the guard cells of leaf stomata are more easily observed in the living 
condition than are other starch-containing cells. Also, guard cells are spe¬ 
cially attractive for studies on turgor or changes in relation to starch for¬ 
mation and starch hydrolysis, for turgor changes influence the opening and 
closing of the stomatal apertures. All of these tests were made with bright 
sky light or direct sunshine, polarized by means of a Nicol prism, or some¬ 
times by means of reflection from a glass-covered ferrotype plate. 

The list of plant forms studied included Hyacinthus orientalis, Conval- 
laria majalis, Pancratium fragrans, Tradescantia fluminensis, Hemerocallis 
fulva, Crinum americanum, Lactuca sativa, Tropaeolum polyphyllum, and 
Rheum rhaponticum. These plants were chosen because their foliar sto¬ 
mata are relatively large and are essentially confined to the lower (or 
abaxial) leaf surface. In healthy leaves of all these forms, or in pieces of 
still living epidermis stripped from the leaves, polarized light was found to 
induce or accelerate the disintegration and hydrolysis of the starch grains 
of the stomatal guard cells. 


Methods 

For study in the living condition pieces of epidermis from the lower leaf 
surface were quickly placed in a thin film of water on a slide and brought 
to the microscope stage, or they were placed directly on the stage of the 
instrument. For final examination and temporary presentation such strips 
were killed and fixed by submerging in hot 98% ethyl alcohol for about a 
minute, washed in water, treated with potassium iodide-iodine solution to 
identify starch grains if present in the guard cells, and mounted in glycerine 
solution. 

Results 

In the following sections some representative experiments are described. 

Experiment I 

At 4 £.m., when the guard cells were certainly well filled with starch, 
a Nicol prism was closely applied to a portion of the lower surface of a leaf 
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of a healthy Hyacinth plant growing in a sunny window. Thus, polarized 
sky light reached a rectangular area (about 0.5 of an inch) of the lower leaf 
surface. Around that specially lighted area was a border about one-half 
of an inch wide, covered by the opaque frame of the prism, which thus 
received no direct light. While most of the lower surface received unpolar¬ 
ized sky light, the whole upper surface received natural sky light, some por¬ 
tion of which doubtless penetrated weakly through the leaf. After three 
days of clear weather, samples of lower epidermis were taken from the 
experimental leaf at about 4 p.m. and examined microscopically. It was 
found that the stomata of the region that had received polarized light from 
the prism were generally widely open, with guard cells containing very little 
or no starch (fig. 1A). On the other hand, in the regions that had not 
received polarized light the stomata were generally closed, or nearly so, and 
their guard cells were packed with starch grains (fig. IB). 



Fig. 1. A. Hyacinth stomata after exposure to polarized sky light. Open apertures, 
little or no starch in guard cells. B. Control for figure 1A, after exposure to unpolarized 
sky light. Nariow apertures, much starch in guard cells. 

Experiment IT 

At about midday, a strip of lower epidermis from a healthy young 
Hyacinth plant in a sunny window was quickly laid out in a film of water 
on a slide, which was placed on a microscope stage that was provided with 
a substage Nicol polarizer. Thus the portion of epidermis in the field of 
vision was illuminated from below by polarized light only, while the rest 
received only natural sky light from above. Observations were made from 
time to time without disturbing the preparation. At first the stomata, in the 
field were all closed or nearly so and the guard cells were well filled with 
starch. But within two hours the contents of the guard cells began to 
assume a finely granular appearance and their plastids w r ere becoming flat¬ 
tened and less clearly defined. After three hours of exposure to polarized 
light the stomata were evidently opening and there were translucent patches 
in the guard cells, where the starch grains had disappeared completely. 
Finally, after having been fixed and stained with iodine at the end of a 
4-hour experiment period, the stomatal apertures in the region that had 
received polarized light were found to be open, while each guard cell was 
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almost empty of starch, with the exception of a few grains near the cell 
nucleus. In the rest of the strip of epidermis, the stomata w r ere still closed 
and their guard cells were full of starch, as at the beginning. 

Experiment III 

At about 1 p.m. two similar strips of lower foliar epidermis were taken 
from a healthy plant of Pancratium growing in a sunny window. The strips 
were quickly laid out with a little water directly on the stages of two adjacent 
microscopes. One of the microscopes had a substage Nicol prism, over which 
rested a portion of the strip. The instrument was darkened by a cover, 
excepting that the ocular was left uncovered for observation and bright sky 
light was allowed to fall on the mirror, to be reflected upward through the 
prism. Thus the portion of the strip in the field of vision received only 
polarized light from beneath, while the remainder was kept in darkness. 



Fig. 2. A. Pancratium stomata after exposure to polarized sky light. Open nper 
tures, little starch in the guard cells. B. Control for darkness. Closed apertuies, much 
starch in guard cells. C. Ordinary sky light control for figure 2A. Narrow apertures, 
much starch in guard cells. 

The second microscope was without prism or cover and the part of its strip 
which was in the field was illuminated from beneath by bright sky light 
reflected from the mirror; the rest of this strip received only diffuse daylight 
from above. 

Microscopic observations began at 2 p.m., when the guard cells in both 
fields were found to contain much starch and their stomatal apertures were 
closed or very narrow. By 5 p.m. the guard cells receiving polarized light 
were evidently losing starch and their apertures were widening, but the sto¬ 
mata illumined by unpolarized light from below were still essentially closed 
and the starch content of their guard cells was seen to have increased con¬ 
siderably. Both strips were fixed and stained at 6 p.m., when the stomata 
that had received polarized light were generally open, with their guard cells 
partly depleted of starch (fig. 2A). The stomata that had remained in 
darkness or had received only diffused light from above were closed or 
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nearly so, their guard cells being tightly packed with starch (fig. 2B). Those 
that had received bright sky light were closed or showed very narrow aper¬ 
tures and their guard cells were also tightly packed with starch (fig. 2C). 

Experiment IV 

To study the changes induced in the plastids of stomatal guard cells 
through exposure to polarized light, two strips of lower epidermis from a leaf 
of Crinum were used. One strip was laid out in a water film on a slide which 
rested on the stage of a microscope equipped with a substage Nicol prism. 
Sky light reflected from the mirror was polarized and thrown on the under 
side of the strip in the region over the prism, where the guard cells and their 
plastids could be readily examined in some detail by means of a ^g-inch 
ocular. As a control experiment, a similar preparation was arranged in like 
manner on a second microscope, which had no Nicol prism. 

At the beginning of this test, a little before midday, both microscopes 
showed essentially the same features: stomatal apertures were closed or very 
narrow and each guard cell contained many (twenty or more) apparently 
turgid plastids full of starch. Observations were continued at intervals for 
about five hours, without notable changes in the stomata that were receiving 
ordinary light. After 2 to 3 hours the plastids of the stomata receiving 
polarized light were seen to have altered their positions slightly, as if in 
response to altered relations of pressure or viscosity. From then on, there 
was a gradual decrease in the size of the plastids and in their starch content, 
so that clear spaces appeared and broadened. Meanwhile the apertures of 
these stomata were opening and they were finally recorded as fully open. 

At the end of this experiment, examination of the fixed and stained 
pieces of epidermis showed no changes in the stomata that had received 
ordinary light, but those that had received polarized light showed marked 
changes. As already noted, they were widely open. Their plastids, shrunken 
and apparently somewhat reduced in number, were slightly brownish in 
color, suggesting the iodine reaction of dextrins. Many of their starch grains 
had disappeared or were greatly decreased in size. The larger ones showed 
the usual purple iodine stain but many of the smaller grains were very indis¬ 
tinct and failed to show any stain at all. 

Experiment V 

In each of two culture chambers was placed a healthy potted plant of 
Tropaeolum. In the first chamber the only illumination was bright sky light 
reflected from a ferrotype plate covered with glass placed at an angle of 
56 degrees to the horizon to produce a high degree of polarization by reflec¬ 
tion. The second chamber was lighted by bright sky light reflected from 
white paper and consequently unpolarized. Tests with photographic paper 
indicated that light intensity was approximately equal in the two chambers 
in the daytime; of course both chambers were dark at night. This angle of 
polarization can be tested by using another Nicol prism as an analysis. 
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In the late afternoon of the second day of this experiment a leaf from 
each plant was boiled in ethyl alcohol, stained with iodine, and examined 
microscopically with the lower surface uppermost, without any attempt to 
separate the epidermis from the rest of the leaf. The findings are indicated 
by the photographs of figures 3A and 3B, secured by focusing on the lower 
epidermis, bundles and mesophyll forming the blurred background. It is 
evident that the guard cells of the leaf that had received polarized light from 
the ferrotype plate were essentially without starch (fig. 3A), while those of 
the leaf receiving unpolarized light from white paper were well filled with 
starch (fig. 3B). The iodine stain makes the stomata remarkably conspicu¬ 
ous in the latter photograph. 



Fig. 3. A. Tropaeolum leaf surface, after exposure to polarized sky light. Aper¬ 
tures partly closed, guard cells with little starch. B. Diffuse sky light control for figure 
3A. Apertures mostly open, guard cells with plentiful starch content. 


By focusing beneath the surface of the stained inverted leaf it appeared 
that the mesophyll cells, which usually contain starch in Tropaeolum, were 
devoid of starch in both leaves. On the reasonable supposition that both 
guard cells and mesophyll contained starch at the start of this experiment, 
it appears that the mesophyll starch was hydrolyzed just as thoroughly in 
ordinary light as in polarized light; all light penetrating to the mesophyll 
must have been very weak, whether polarized or not. On the other hand, 
it seems clear that the polarized light absorbed in the superficial cells was 
sufficiently intense to induce the disappearance of whatever starch was origi¬ 
nally present in the guard cells. 

* Experiment VI 

At ll A.M. on a clear day a piece of healthy Rheum leaf was placed up¬ 
side dbwn on a slide and brought under a microscope. In the magnified 
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field about seven stomata were visible, of which all but one were closed at 
that time, and all visible guard cells were well filled with starch. Fifteen 
minutes later a Nicol polarizer was inserted in the microscope stage beneath 
a part of the preparation. After 90 minutes of exposure to polarized light 
from the prism, four of the seven stomata first observed were well open and 
the remaining three had begun to open. At 2 p.m., with lower magnification 
and a broader field, nearly all stomata over the prism were found to be open 
and many of the guard cells in that region were found to be nearly or wholly 
devoid of starch. However, the stomata which had not received polarized 
light (being lighted only by ordinary diffuse light from above).were then 
generally completely closed, with well filled guard cells. 

Experiment VII 

As has been noted, when the starch of closed stomata was hydrolyzed 
by polarized light this process was characteristically accompanied by open¬ 
ing of the stomatal apertures. Opening of stomata of Crinum was specially 
studied by means of epidermis strips under the microscope. The apertures 
were nearly all elosed at the start of this test, with maximal width of the 
most open ones being 3 to 4 microns. After a 5-hour exposure to polarized 
light from a substage Nicol prism almost all the stomata thus treated Were 
wide open, with maximal apertures 8-11 microns wide. 

Experiment VIII 

Because the original source of light for many of these experiments was 
relatively weak, being sky light, used either directly or as reflected from the 
microscope mirror, and because the polarized light from a Nicol prism is 
generally only about one-half as intense as the original light entering the 
polarizer, it seemed desirable to make some tests with direct sunshine as 
original source, which would be much more intense than sky light. "With 
this thought in mind, a young and healthy plant of Hyacinth in a south 
window was kept in direct sunshine, from noon till 3: 30 p.m. on January 23, 
when it was safe to suppose that the guard cells would be well filled with 
starch. Then a Nicol prism was placed closely against the lower surface of 
one of the leaves, in order that the region covered would receive polarized 
sunshine, with full sunshine as the source. The region covered by the cork 
rim of the prism received no full sunshine and was almost in darkness, so 
far as direct light was concerned. The rest of the lower surface also received 
some sky light indirectly by penetration through the leaf tissues from the 
upper surface, but such additional radiation must have been very weak and 
was considered as quite negligible in the present connection. This plant 
stood in bright sunshine till the end of the daylight period of the 23rd, then 
in darkness till the beginning of the daylight period of the 24th, and finally 
in bright sunshine again till 4 p.m. on that day. The air temperature for 
this test was low, never above 50° F. 

At 4 p.m. on the second day, a strip of lower epidermis was taken from 
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the experimental leaf; this included some of the region covered by the prism 
and some of that covered by the rim as well as some of the uncovered part. 
Microscopic examination of this strip showed that both the guard cells of the 
rim-darkened region and those of the uncovered region were invariably 
crammed with starch and appeared quite normal, the stomatal apertures 
being closed or very narrow (fig. 4A). In the region which had received 
polarized light some of the stomata were open, with little or no starch in their 
guard cells, but in many instances one of the guard cells had been burst 
open, as by an explosion [as noted in a previous investigation (5)] and 
its contents had been extruded (fig. 4B). In one instance the contents of a 
guard cell had been carried away to a distance equal to the long diameter 
of the cell. It appears that starch hydrolysis 'under the influence of rela- 



Fig. 4. A. Hyacinth stomata after exposure to unpolarized direct sunshine. Aper¬ 
tures nearly closed, guard cells filled with starch. B. Polarized direct sunshine control to 
figure 4B. Apertures widely open, guard cells with little or no starch, one exploded in 
each of two stomata. 

tively strong polarized light had proceeded so vigorously, with accompany¬ 
ing rapid rise in sap concentration, that the wall had given way to the 
increasing strain. 

Experiment IX 

A Nicol prism was kept against a portion of the lower surface of a 
Pancratium leaf in bright sky light from May 29 to June 2. In the after¬ 
noon of the fourth day samples of lower epidermis were removed, immedi¬ 
ately treated with boiling Pehling solution, and then examined microscopi¬ 
cally. Only very faint brownish coloration could be detected in the guard 
cells that had received ordinary light, and these were well filled with starch. 
Guard cells that had been covered by the opaque rim of the prism showed 
slightly more definite brownish coloration along the margins of the aperture 
and they were also well filled with starch. But those guard cells that had 
been under the prism, and had thus received polarized light in the four day¬ 
light periods of the experiment, were found to show definite accumulation 
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of bro-wn material (presumably cuprous oxide from the Fehling reaction) 
in otherwise translucent spaces among the nearly empty plastids. This 
chemical test for reducing sugar furnished additional evidence that polarized 
light induced hydrolysis of starch in foliar guard cells (fig. 5). 



Fig. 5. Deposit of cuprous oxide in guard cells after exposure to polarized light and 
heated with Fehling solution. 


Summary 

For a number of plant forms, closed stomata of the lower foliar surface 
were induced to open in a few hours of exposure to polarized sky light, which 
also induced or accelerated the hydrolysis of starch in the guard cells. These 
results were obtained in experiments on uninjured leaves or strips of epi¬ 
dermis taken from the leaves but still alive. After several hours’ exposure 
to polarized sky light, tests with Fehling solution indicated that decrease 
in starch content was accompanied by notable accumulation of reducing 
sugar in the guard cells. Under the influence of polarized direct sunlight, 
hydrolysis of starch in a guard cell was sometimes accompanied or followed 
by violent bursting or explosion of the cell, as if by excessive internal pres¬ 
sure. There was some evidence that weak polarized light which penetrated 
to the mesophyll cells of the leaf might induce or accelerate starch hydrolysis 
in these cells. 

The velocity of induced hydrolysis and of the opening of previously 
closed stomata was naturally dependent on the intensity of the polarized 
light used, on the health and maturity of the plants, and their histological 
characteristics. 

These general results, secured with a few plant forms under general con¬ 
ditions thus far roughly defined but clearly demonstrated (4), are sufficient 
to call for further more extensive and quantitative studies in this particular 
field of plant physiology. The present report is of pioneer or exploratory 
nature. It is an addition to the writer’s earlier findings concerning the influ¬ 
ence of polarized light on hydrolysis of starch in vitro (1, 3, 6) and in the 
mesophyll ( 2 ). 
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DETERMINATION OF TOTAL AVAILABLE CARBOHYDRATES 

IN PLANTS 

H. Weinmann 
Received August 15,1946 

The estimation of carbohydrates plays an important part in both pure 
and applied plant physiology. While satisfactory methods of extracting 
and determining the individual types of carbohydrates are available, the 
complete fractionation of these is a tedious process. Furthermore, for many 
purposes of a more applied nature the determination of the total available 
carbohydrate content is of greater significance than that of individual car¬ 
bohydrates or groups of carbohydrates. 

The term “total available carbohydrate” may be defined as including 
all those carbohydrates which can be used in the plant body as a source of 
energy or as building material, either directly or indirectly after having 
been broken down by enzymes. In most ordinary, higher green plants the 
bulk of available carbohydrate is composed of sugars, fructosans, dextrin 
and starch, whereas hemicelluloses and true cellulose act merely as struc¬ 
tural materials and as such cannot further be utilized in the same way as 
the former (1, 6, 7, 8, 9,11). 

Apparently there is no satisfactory method of assessing the total avail¬ 
able carbohydrate content by means of a single determination. Acid hydrol¬ 
ysis of entire samples has occasionally been used as a means of determining 
total “hydrolyzable” carbohydrate. The results of such determinations, 
however, are bound to be inaccurate and even erroneous, because it is im¬ 
possible to separate the starch fraction from the structural carbohydrates 
in this way, and also because the relatively severe conditions of hydrolysis 
required for the complete breakdown of starch and dextrin result in the 
destruction of most of the free and combined fructose (5). 

Methods 

In the method described below small samples of finely-ground, air-dry 
plant material are subjected to digestion by takadiastase under such condi¬ 
tions as are necessary for the breakdown of starch, dextrin, and maltose to 
glucose (4). Other sugars and fructosan are extracted at the same time 
and, after clarification are converted to reducing sugars by suitable acid 
hydrolysis; after this procedure the reducing power of the neutralized 
hydrolysate is determined. 

To prevent chemical changes during storage the samples should be killed 
immediately after harvesting. This can be done by autoclaving for five 
minutes under five pounds of pressure or, if an autoclave is not available, 
by some other suitable heating treatment of short duration (5). The killed 
material is dried in the air, or at a temperature of 40° to 60° C. When air- 
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dry, the material may be divided into its morphological constituents (stems, 
leaves, roots, rhizomes) and weighed if required. It is then ground to a fine 
powder and stored in air-tight bottles. 

Solutions required 

Buffer solution. —A buffer solution of pH 4.45 is prepared by mixing 
three volume parts of 0.2 N acetic acid with two volume parts of 0.2 N 
sodium acetate solution. To one liter of this solution one gram of powdered 
thymol is added. This dissolves slowly but almost completely. The thymol 
not only preserves the buffer solution indefinitely but also acts as an efficient 
antiseptic in the digestion of the plant material by the takadiastase (3). 

Takadiastase solution. —Commercial takadiastase contains a large 
proportion of free-reducing substances, and it is essential to remove these 
by means of dialysis in order to avoid undesirably high blank values. A 
suitable membrane may be prepared from a 4% pyroxylin solution in the 
following way: four grams of pyroxylin are soaked for 15 minutes in 25 ml. 
of absolute alcohol to which 75 ml. of ether are then added, the mixture is 
stirred and left standing in a closed vessel until the solution becomes clear. 
A large Soxhlet extraction thimble is partly filled with the solution and 
drained so that the liquid forms a continuous membrane on the inside of the 
thimble. The membrane is dried in a moderately warm place for from three 
to five minutes; i.e., until most of the ether has evaporated. The degree of 
evaporation can easily be judged by the odor. During drying the thimble 
is constantly rotated and occasionally blown into. The thimble with the 
membrane is kept in water until used. 

For the dialysis five grams of commercial takadiastase are dissolved in a 
convenient volume of water. The solution is transferred to the thimble 
which is kept suspended in a jar of running tap water for three or four days. 
At the end of this period the dialyzed solution is filtered into a one-liter 
standard flask, and made to volume. Dialyzed takadiastase solutions, pre¬ 
pared in this way, were found to be as active as the original material while 
containing only traces of reducing substances. Stored in the dark, prefer¬ 
ably in a refrigerator and with the addition of a small amount of thymol, 
the solution will retain its activity for approximately six weeks. 

. If “undiluted” takadiastase of little or no reducing power is available, 
its use would make such dialysis treatment unnecessary; a 0.5% solution 
should be satisfactory for the purpose. 

Procedure 

Weigh out a 0.1- to 1-gram sample of air-dry material and transfer to a 
100-ml. Brlenmeyer flask which has previously been weighed accurately to 
the nearest 0.01 gram. The weight of sample to be used depends on the 
total available carbohydrate content of the material (see below under section 
‘‘substrate-enzyme ratio”). Add 10 ml. of distilled water and heat for $ 
hour on the boiling water-bath to gelatinize starch, inserting a small glass 
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funnel into the neck of the flask to minimize the loss of water. Cool to room 
temperature, wipe the moisture from the outside oi: the flask and the inside 
of its neck with a clean rag, place the flask on a balance, and by means of a 
dropping bottle add as many drops of distilled water as necessary to replace 
the water lost by evaporation. The counterpoise to be used must equal the 
weight of the flask plus the weight of the air-dry sample plus 10.0 grams. 
Pipette 10 ml. of buffer solution and 10 ml. of takadiastase solution into the 
flask, thus increasing the liquid volume of the digest to 30.0 ml. The mois¬ 
ture content of the air-dry sample will usually be negligible but may be 
taken into account if considered necessary. Stopper the flask tightly with 
a well-fitting rubber stopper, and incubate for 44 hours at 37° to 38° C., 
shaking the flask occasionally. 

Cool to room temperature, add 50 to 100 mg. of powdered neutral lead 
acetate, shake, and allow precipitate and residue to settle. Test for com¬ 
pleteness of the reaction with a single drop of dilute potassium oxalate solu¬ 
tion. and filter, without washing, through a dry, highly retentive filter (such 
as Whatman no. 42) into a dry flask containing 100 to 200 mg. of powdered 
potassium oxalate. Shake, test for completeness of deleading with a drop of 
dilute lead acetate solution, stopper, and let stand from three to four hours, 
or overnight in a refrigerator. 

Filter and hydrolyze a 15-ml. aliquot with 0.75 ml. of 25% hydrochloric 
acid for \ hour on the boiling water hath, attaching the flask to a reflux con¬ 
denser. Cool, transfer quantitatively to a 50-ml. standard flask, nearly neu¬ 
tralize with 25% sodium hydroxide solution (using a few drops of methyl- 
red solution as indicator), and make to volume. The final extract volume 
(50 ml.) contains 15/30 (one-half) the total available carbohydrate of the 
original digest. 

The reducing power of the extract may be determined by any suitable 
reducing sugar method. In the present experiments a previously described 
semimicro method using 5-ml. aliquots was employed for all determinations 
(10). Blank determinations should be carried out whenever a new takadia¬ 
stase solution is used. For this purpose, pipette 10 ml. of distilled water, 
10 ml. of buffer solution, and 10 ml. of the takadiastase solution into a 100-ml. 
Erlenmeyer flask. Incubate, and subsequently treat the blank digest in ex¬ 
actly the same way as the other digests (except for the gelatinization treat¬ 
ment which is omitted in the case of the blanks). Subtract the blank titra¬ 
tion value from the titration value for the plant digest, calculate as glucose, 
and report as “total available carbohydrate.” 

A considerable number of determinations can be completed with this 
method in a relatively short time. The necessary equipment being available, 
a single worker can carry out 12 determinations simultaneously. If on eaeh 
of the first three days one set of 12 determinations is started, these can be 
completed in succession during the following three days, making 36 deter¬ 
minations per week. 
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It is tentatively suggested that the method may also be of interest to 
students of problems of human nutrition.' The carbohydrates determined 
by the described procedure are essentially those constituting that carbohy¬ 
drate fraction in vegetable foods which is digestible by the human organism. 
The direct estimation of this fraction may well be superior to its calculation 
by subtraction, as is done in the conventional analysis of foodstuffs. 

Experimental data 

Digestibility op various carbohydrates 

The conditions under which takadiastase converts starch completely to 
glucose have been ascertained by Denny (4) . Yemm (14) used takadiastase 
successfully for the hydrolysis of maltose as well. A series of preliminary 

TABLE I 

Takadiastase digestibility op various carbohydrates 


Carbohydrate 

Glucose per digest 

Percentage 

DIGESTED BY 
TAKADIASTASB 

Before 

acid 

HYDROLYSIS 

After 

ACID HYDROLYSIS 

. " '■■■"—-— 

mg . 

mg. 

% 

Bice starch. 

25.4 

26.6t 

95.5 

Maize starch (technical) 

23.0 

23.41 

98.3 

Yellow dextrin (Merck’s) . 

13.8 

26.21 

52.7 

Maltose (Schering-Kahlbaum) . 

24.5 

25.91 

94.5 

Dextrin-Maltose mixture* . 

25.1 

26.51 

94.7 

Inulin (Gurr) . 

0.16 

24.5$ 

0.65 

Sucrose (Analar) . 

19.3 

25.6$ 

75.4 


* Prepared by action of saliva upon rice starch; dextrin: maltose = 1: 4 (approx.), 
t Hydrolyzed 20 ml. of the digest with 1.6 ml. 25% HC1 for 1 hour at 15 lb. pressure, 
t Hydrolyzed 20 ml. of the digest with 1.0 ml. 25% HC1 for } hour on the boiling 
water bath. 

experiments was carried out to test the digestibility of various carbohydrates 
by takadiastase under the conditions proposed by Denny (4) and subse¬ 
quently adopted in the method of estimating total available carbohydrates. 

Solutions of starch, dextrin, maltose, sucrose, and a suspension of inulin 
were prepared. The starch and dextrin solutions were boiled three minutes 
before being cooled and made to volume. Twenty-five mg. of carbohydrate 
were used in each digest, the total volume of which was adjusted to 50 ml., 
including 10 ml. of dialyzed takadiastase solution (corresponding to 50 mg. 
original takadiastase) and 20 ml. buffer solution (pH 4.45). After an 
incubation period of 44 hours at 37° to 38° C. the reducing power of the 
digests was determined and an aliquot was hydrolyzed by acid under con¬ 
ditions known to be necessary for the complete breakdown of the compound 
t0 hexose sugars. The reducing power of the neutralized hydrolysate was 
determined* and by expressing the reducing power of the digest as a per¬ 
centage of the reducing power of the neutralized hydrolysate (making the 
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necessary corrections for dilutions and blank values), a measure of the 
takadiastase digestibility of these carbohydrates was’ obtained (table I). As 
will be seen, starch and maltose were almost completely hydrolyzed by 
takadiastase. In the case of Merck’s yellow dextrin, however, only 52.7% 
was recovered as glucose by digestion with takadiastase. Further experi¬ 
ments with other commercial dextrins, all of which are produced by the 
action of acid upon starch, revealed that they were all more or less resistant 
to takadiastase (12). Dextrin produced from starch by saliva, on the other 
hand, was almost completely digestible by takadiastase. While this point 
needs further clarification, it may be assumed that the natural dextrins 
occurring in plants are likewise susceptible to takadiastase. 

Inulin was found to be indigestible by takadiastase, and the new method 
of estimating total available carbohydrates is, therefore, not suitable for 
plant materials containing appreciable amounts of this carbohydrate. 
Inulin, which is only slightly soluble in water, will be retained in the residue 
and not included in the result. The partial breakdown of sucrose is doubt¬ 
less due to the presence of invertase in takadiastase. As shown by previous 
workers, fructosans are likewise susceptible to invertase and also to takadia¬ 
stase, though the action of invertase upon fructosans is very slow (2) . It is, 
however, of no significance that the breakdown of sucrose and fructosans by 
takadiastase is incomplete, since these water-soluble carbohydrates go into 
solution during the process of digestion and are subsequently hydrolyzed by 
the treatment with acid. 

Effect of clearing and hydrolysis treatments on sugar recovery 

In order to discover whether or not the recovery of sugars is affected 
by the clearing and hydrolysis treatments employed in the total available 
carbohydrate determination, the following series of tests was carried out: 
Aqueous solutions of glucose, fructose and sucrose were prepared containing 
approximately 40 mg. of the sugar per 100 ml. liquid volume. The latter 
included 35 ml. of buffer solution (pH 4.45); i.e., the same proportion of 
buffer solution as the digests. Solutions were subjected to the same clear¬ 
ing, deleading, and hydrolysis treatments as employed in the new method 
of determining total available carbohydrates. For the “clearing” treat¬ 
ment 250 mg. of powdered neutral lead acetate were used per 100 ml. solu¬ 
tion. 

In the case of fructose and glucose the reducing power of the solution 
was determined before treatment, after “clearing” and deleading, and again 
after “hydrolysis.” The sucrose solution was divided into two portions, 
one of which was “cleared” and deleaded, while the other portion remained 
“uncleared.” 

The treatments resulted in no loss of sugar, and hydrolysis of sucrose 
was complete (table II). While the hydrolysis used here would appear 
somewhat more severe than the official methods of hydrolysis of sucrose, it 
should be mentioned that these experiments were carried out at an altitude 
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TABLE II 

Effect of clearing and hydrolysis treatments on sugar recovery 
Milligrams sugar found per 100 ml. original solution 


Sugar 

Original 

solution 

After 

CLEARING 

AND 

DELEADING 

After 

HYDROLYSIS 

After 

FERMENTATION 

* 

mg. 

mg. 

mg. 

mg. 

Glucose . 

43.0 

43.6 

43.4 

0.00 

Fructose . 

Sucrose 

38.6 

38.4 

38.6 

0.00 

“Uncleared”. 

41.9* 


42.8 

0.15 

“Cleared”. 

41.9* 


42.4 

0.15 


* Calculated value. 

of 5,740 feet where the boiling point of water is not more than 93° to 94° C. 
The temperature reading of the acidified sugar solutions during hydrolysis 
was approximately 83° C. At lower altitudes it may be necessary to modify 
the conditions of hydrolysis slightly to avoid loss of fructose from sucrose 
or fructosms. 

Aliquots of the neutralized hydrolysates were subjected to a fermenta¬ 
tion procdure. The details of this procedure, as well as the results of the 
fermentation experiments, are discussed in a subsequent section. 

Tests with plant materials 

Substrate-enzyme ratio. —In the digestion of starch by takadiastase the 
amount of enzyme used in relation to that of starch is an important factor. 
Denny (4) reported that complete conversion of starch to glucose was ob- 

TABLE III 

Carbohydrate recovery in relation to substrate-enzyme ratio* 


Bhizomeb of Cynodon dactylon 


Mixed grass roots 


Material 

used 

Glucose 

Material 

used 

Glucose 

mg. 

mg. 

% 

mg. 

mg. 

% 

50 

8.6 

17.2 

200 

11.2 


75 

13.5 


300 

17.2 

5.73 

100 

17.8 

17.8 

400 

22.7 

5.68 

125 

22.1 

17.7 

500 

28.2 

5.63 

100 

26.7 

17.8 

600 

33.7 

5.62 

200 

33.8 

16.9 

700 

39.7 

5.67 

300 

49.8 

16.6 

800 

45.6 


400 « 

64.4 

16.1 

900 

51.4 


___ . S . 1 


. 

1,000 

55.8 

5.58 

Without takadiastase 

■BH 


4.0 

500 

14.4 

2.88 


* GlffiigPr values expressed as milligrams per digest and as percentages of the air- 
dry mate* 
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tained with a starch-takadiastase ratio of 1:2. Whenever plant materials 
of unknown carbohydrate content are to be analysed, preliminary experi¬ 
ments should be carried out to ascertain the most suitable sample weight to 
be used. 

Results of two typical series are discussed. The materials used were 
rhizomes of Cynodon dactylon and mixed roots of South African grasses. 
A series of digestions was carried out with each of the two materials, using 
amounts of air-dry material ranging from 50 to 1,000 mg. per digest. The 
total liquid volume was 30 ml. in all cases, including 10 ml. of dialyzed taka- 
diastase solution, corresponding to 50 mg. original takadiastase. One flask 
was included in each series in which the takadiastase solution was replaced 
by 10 ml. of distilled water. This suspension was incubated and subse¬ 
quently treated in exactly the same way as the proper digests. The glucose 
value of this extract hence represented the total amount of water-soluble, 
acid-hydrolyzable carbohydrates; i.e., mainly sugars and fructosans. 

In the case of Cynodon rhizomes satisfactory recovery was obtained with 
amounts of air-dry material ranging from 75 to 150 mg. per digest (table 
III). Percentage glucose values resulting from these digests agreed well 
within the limits of experimental error, and averaged 17.8% on the air-drv 
basis. Higher amounts of substrate gave low values; the relatively low 
value obtained with 50 mg. material per digest is probably due to an analyti¬ 
cal error resulting from the use of such a small sample. The highest sample 
weight with which satisfactory carbohydrate recovery could be obtained was 
150 mg. of air-dry material, and the total amount of glucose yielded in this 
digest was 26.7 mg. Hence, carbohydrate recovery was satisfactory if the 
ratio of total available carbohydrate to takadiastase was not appreciably 
smaller than 1:2. Since without the use of takadiastase only 4% of glu¬ 
cose was found, it is evident that —j!j x 100 = 77.5% of the total avail¬ 
able carbohydrate was takadiastase-digestible; i.e., in the form of starch and 
dextrin. 

The mixed grass roots were considerably lower in total available carbo¬ 
hydrate than were the Cynodon rhizomes and also contained less starch- 
dextrin in relation to total available carbohydrate, approximately 50% of 
the latter being extracted without the use of takadiastase. It is for these 
reasons that uniform results were yielded over the whole range of sample 
weights used; i.e., up to 1,000 mg. of air-dry material. In this digest 55.8 
mg. of glucose were found of which, however, only (55.8 - 2 x 14.4) = 27.0 
mg. were takadiastase-digestible carbohydrate, so that the actual substrate- 
enzyme ratio was still nearly 1:2. 

For ordinary purposes it will usually be sufficient to conduct pre¬ 
liminary tests with two or three different sample weights. Even the result 
of a single determination can be accepted as reliable if the amount of total 
available carbohydrate found per digest is not appreciably greater than half 
the amount of takadiastase used. 
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Comparison op methods 

To test the reliability of the new method, 24 samples of shoots, roots, and 
rhizomes of grasses were analyzed by the new procedure as well as by one 
of the usual methods of carbohydrate fractionation. For the latter method 
sugars were extracted from the air-dry, killed material with 95% alcohol; 
fructosans and dextrins with cold water. For the determination of starch, 
saliva digestion and subsequent acid hydrolysis were used. Details of these 
methods and percentages of the individual carbohydrates of these materials 
have been published elsewhere (13). In order to compare the results with 
those of the total available carbohydrate determination by the new method, 
the combined percentages of sugars, fructosans, dextrins, and starch have 
been calculated as glucose, and are given together with an indication of the 
form of the principal carbohydrate (s) in each species (table IV). 

TABLE IV 

Results of carbohydrate determinations on grasses 



Principal 

Total available 

CARBOHYDRATE 

Unferment- 

Species 

CARBO¬ 
HYDRATE (s)* 

Fraction¬ 

ation 

METHOD 

Takadia- 

STASE 

METHOD 

ABLE 

RESIDUE 


Shoots 




% 

% 

% 

Brachiaria serrata . 

NRS 

2.42 

3.14 

0.00 

Hyparrhenia hirta . 

NRS 

3.14 

4.30 

0.27 

Themeda triandra . 

S 

4.19 

5.16 

0.05 

Trachypogon plumosus . 

NRS 

2.50 

4.00 

0.57 


Roots 


Agro8ti8 tenuis . 

F 

3.57 

4.05 


Arrhenatherum elatius . 

F 

4.16 

4.56 

0.08 

Brachiaria serrata . 

NRS 

6.59 

7.06 


Cynodon dactylon . 

ST, NRS 

3.99 

4.76 


Digitaria trichol . 

NRS 

7.37 

8.26 


Elyonurus argenteus . 

S 

8.97 

9.62 

0.57 

Eragrostis chalcantha . 

NRS 

2.90 

3.74 


Harpechloa falx . 

NRS, ST 

4.48 

4.91 


Lolium perenne . 

F 

3.94 

4.75 

0.11 

Microchloa caffra . 

NRS 

2.07 

2.77 


Monocymbiu/m ceres ." 

NRS 

4.88 

5.54 

■ 

Pennisetum clandest . 

S, F 

14.08 

16.10 


Phalaris arundinacea . 

F, NRS 

5.58 

6.47 


Trachypogon plumosus ... 

NRS 

4.00 

4.95 

■ 

Tristachya hispida . 

| ST, NRS 

10.66 

11.29 

0.09 


Rhizomes 


Agrostis tenuis . 

F 

19.49 

20.75 


Cynodon dadyion ...». 

Digitaria trichol . ...»..... 

Pennisetwm clandest . 

ST, NRS 

18.12 

18.80 


NRS, ST 

1.98 

3.14 


S, ST 

14.10 

15.42 


Phalaris arundinacea . 

F* 

36.89 

38.85 



* Abbreviation*; F = fructosans; NRS = non-reducing sugars; S = sugars; ST = starch. 
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A comparison of the fractionation results with those of the takadiastase 
method shows that the latter produced higher results than the former in all 
materials. Loomis and Shull (5) pointed out that takadiastase may hydro¬ 
lyze materials other than carbohydrates and that high values may result 
from the production of reducing non-sugar substances. The proportion of 
these can be roughly estimated by fermentation, which will remove hexose 
sugars from such mixtures. 

All the final extracts from the takadiastase digests (including blanks) 
were subjected to rapid fermentation by baker’s yeast, essentially according 
to the procedure proposed by Yemm (14). A 20-ml. aliquot of the neutral¬ 
ized hydrolysate and 5 ml. of a 10% suspension of washed baker’s yeast 
were mixed in a large test tube. The mixture was incubated for four hours 
at approximately 35° C., a steady stream of air being drawn through. The 
yeast was then separated from the solution by centrifuging. From the 
reducing power of the solution the unfermentable residue value of the ex¬ 
tract was calculated, making the necessary corrections for blank values and 
dilutions. Preliminary fermentation tests with pure sugar solutions which 
had been subjected to the same clearing and hydrolysis treatments as the 
plant digests indicated that complete or almost complete removal of sugars 
could be attained by this procedure (table II). It is of particular interest 
to note that neither the use of thymol (introduced with the buffer solution) 
nor that of lead acetate for clearing inhibited the fermentation. 

In most of the final extracts of the plant digests mere traces of unfer¬ 
mentable reducing substances were present (table IV). Only one instance 
was found where unfermentable reducing substances could possibly account 
for the higher carbohydrate value of the new procedure as compared with 
that of the orthodox method (roots of Elyonurus argenteus). In this mate¬ 
rial, however, the result obtained with the takadiastase method exceeded the 
fractionation result by only 7%. It would thus appear that the higher 
values yielded by the new method are, in general, due to fermentable sugars. 
The low figures for the unfermentable residues exclude particularly the pos¬ 
sibility that any appreciable amounts of hemicelluloses were broken down 
by the takadiastase, since this would have resulted in the production of un¬ 
fermentable pentoses. The high carbohydrate values yielded by the taka¬ 
diastase method must, therefore, be due to the hydrolysis of carbohydrate 
groups such as occur in glu cosides, proteins, pectic substances, and other 
colloidal materials. There seems to be no a priori reason why such carbo¬ 
hydrate groups, though not determined by the more commonly employed 
procedures, should not be included in the fraction of physiologically avail¬ 
able carbohydrates in the plant body. 

The correlation coefficient for the results of the fractionation and the 
takadiastase method, as computed from the 24 pairs of determinations, is 
-t 0.9990, indicating a positive correlation of very high significance. 

That differences in the total available carbohydrate content brought 
about by physiological conditions can also be ascertained by the new pro-. 
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eedure is shown by the following series. Roots of Tristachya hispida which 
had been harvested from the plots of an experiment subjected to different 
clipping treatments for two seasons were analyzed (table V). 


TABLE V 

Effect of defoliated intensity on carbohydrate content of Tristachya hispida 

ROOTS 


Cuts per season 

Combined sugars-dextrin- 

STARCH AS GLUCOSE* 

Total available carbo¬ 
hydrate 

(Takadiastase method) 


% 

% 

1 

12.97 

13.93 

2 

11.15 

12.60 

4 

8.60 

8.37 

9 

1.57 

1.49 

16 

0.95 

0.97 


* Sugars extracted with 80% alcohol; dextrin-starch determined on residue by saliva 
digestion and subsequent acid hydrolysis; fructosans absent in appreciable quantities. 


Two series of experiments to assess the reproducibility of the new method 
were carried out. Ten determinations were done on a sample of mixed 
grass root material at intervals of several weeks, extending in all over half 
a year, thus necessitating the frequent use of separately prepared solutions 
of dialyzed takadiastase. The results are summarized, as follows: 

Mean: 7.41% total available carbohydrate 

Standard Error: ± 0.05% “ 

Standard Deviation: ± 0.14% “ “ “ 

Variability Coefficient: ± 1.89% “ “ “ 

For the second test duplicate determinations were carried out on 12 
samples of roots and rhizomes of grasses, the total available carbohydrate 
content of which ranged from 2% to 20%. Results of nine of the twelve 
duplicate determinations agreed within 0.25% total available carbohydrate. 
The standard deviation was ± 0.15% total available carbohydrate, and the 
coefficient of variability ± 1.80% (calculated from the deviations of the 
single tests from their respective means). These two figures agree remark¬ 
ably well with those of the first series. The data indicate that results of the 
nfew method can generally be reproduced to within 5%, which is sufficiently 
accurate for ordinary biological purposes. 

Summary 

A new method of estimating the total available carbohydrate content of 
plant material in a single determination is described. 

Small samples of finely ground, air-dry material are digested by taka¬ 
diastase under conditions resulting in the breakdown of starch, dextrins, 
and maltose to glucose, while other sugars and fructosans are extracted at 
the same time. t After clarification of the digest the latter compounds arc 
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converted to hexose sugars by acid hydrolysis, following which the reducing 
power of the neutralized hydrolysate is determined. 

Results obtained with the new method were higher than the combined 
amounts of sugars, fructosans, dextrins, and starch, when determined sepa¬ 
rately and calculated as glucose. The reducing power of the digests was, 
however, almost completely due to fermentable sugars, the higher values 
obtained by the new procedure apparently resulting from the hydrolysis of 
carbohydrate groups not included in the more commonly employed methods 
of carbohydrate fractionation. Furthermore, the results of the total avail¬ 
able carbohydrate determination showed a positive correlation of very high 
significance with those of the fractionation method. 

The new procedure is simple and suitable for large-scale routine analysis; 
results can, in general, be reproduced to well within 5%. 

University or the Witwatersrand 
Johannesburg, South Africa 
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INFLUENCE OF MINERAL DEFICIENCIES ON GROWTH AND 
COMPOSITION OF VANILLA VINES 


H£ctor B. Gibes, Norman F. Childers, and 
Arnaud J. Loustalot 

(with four figures) 

Beceived December 13, 1946 

A root rot disease is the most important factor limiting commercial pro¬ 
duction of vanilla [Vanilla fragram (Salisb.) Ames] in Puerto Rico. Ac¬ 
cording to a survey of growers in 1945 (1), the disease was responsible for 
40% to 50% death of vines. In 1927 the causal organism was identified as 
Fusarium batatatis var. vcmillae, Tucker (5). The disease usually becomes 
more pronounced during the third or fourth year when the first heavy crop 
of beans is developing. Dry weather, and possibly some mineral deficiency, 
appear to aggravate the disease, particularly if mulch and shade are in¬ 
adequate. 

The purpose of the work reported here was to determine the effect of 
mineral deficiencies on the growth and composition of the vanilla plant, espe¬ 
cially the effects on root growth, with a view to applying this information 
in the study of the root rot problem. 

Materials and methods 

The experiment was initiated in March, 1945 in a lime-coated greenhouse 
admitting about 50% sunlight. The vanilla plants were grown in 5-gallon, 
glazed-stone crocks containing thoroughly washed and sifted pea-size creek 
gravel (fig. 1). Two plants in each crock were established from 6-node cut¬ 
tings of about equal vigor and girth. Each crock was equipped with a 
1-inch hole at the bottom for drainage. Nutrient solutions were forced into 
the crocks once daily by a system of iron pipes, rubber and glass tubing, and 
a compressed-air electric pump, similar to the system described by Kiplinger 
and Laurie (3). The vanilla plants were trained on a bamboo lattice. 
Cured bamboo is hard and relatively inert, making it difficult for the vanilla 
to obtain nutrients through the attached aerial roots. 

The full nutrient and deficiency solutions of nitrogen, phosphorus, and 
potassium were prepared according to Hoagland and Arnon (2) and re¬ 
newed once every 2 weeks. Each treatment consisted of three replicates 
with two plants per replicate. Solution in the bottles was brought to the 
initial level once a day by additions of distilled water. The pH of all solu¬ 
tions was maintained at 6.0 by additions of weak solutions of either sulfuric 
acid or sodium hydroxide twice a week. 

On May 6, 1946 the experiment was terminated and growth measure¬ 
ments, fresh and dry weight of the plants, and mineral composition of the 
leaves were determined. 
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Fig. 1. Belative amount of growth of vanilla, left to right, of plants growing in 
Soller muleh with distilled water, in creek gravel supplied with minus nitrogen, full nutri¬ 
ent, and minus-phosphorus solutions. 


Mineral deficiency symptoms in vanilla 

Nitrogen deficiency 

A deficiency of nitrogen in the nutrient solution had the greatest effect 
on vanilla growth. As shown in table I, the fresh and dry weights of these 
plants were the lowest as compared with those of plants deficient in potas¬ 
sium or phosphorus. Shoot growth was 64% less than that of plants re¬ 
ceiving a full nutrient solution. Aerial root development was the poorest 
of all treatments. Figure 2 shows the relative girth and leaf area of the 
nitrogen-deficient plants. 

Symptoms of nitrogen deficiency were the first to develop, appearing 
within about 3 weeks after the treatment was initiated. The leaves remained 
small and developed a yellowish green color. Although shoot growth was 
greatly retarded the plants as a whole showed no death of tissues. The root 
system, although light yellow in color and relatively sparse, appeared healthy 
(fig. 3). .Most of the large roots in the gravel consisted mainly of aerial 
roots from the original cutting which developed on the surface of the gravel 
adjacent to the walls of the stone crocks. 

Nitrogen deficiency symptoms differ from so-called sunburn injury in 
the field by having an overall yellowish color on all the leaves whereas in the 
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case of sunburn only those leaves exposed to the direct rays of the sun show 
different degrees of yellowing. 

Phosphorus deficiency 

In amount of growth, plants deficient in phosphorus were only slightly 
better than those deficient in nitrogen. Symptoms of phosphorus deficiency 
became evident about 3 months after the treatment was started. First indi¬ 
cations of low phosphorus were a reduction in growth and a fading of green 
in the leaves. The leaves eventually assumed an ash-green color, with some 
yellow appearing before they became necrotic at the margins and tips, as 
shown in figure 3a. Many of these leaves shriveled, turned light brown, 
dried, and remained on the plant until the end of the experiment. Aerial 


F 


Fig. 2. Relative stem girth and leaf area of vanilla as affected by nutrient defi- 


root development was poor, but slightly better than that obtained with 
nitrogen-deficient plants. 

Of particular interest in connection with the phosphorus-deficient plants 
is the fact that the root systems were very sparse and showed considerable 
dying (fig. 3a). The roots, stems, and leaves, in fact, closely resembled 
vanilla plants dying of root rot in the field. It is well known that Catalina 
soil, an extensive soil type in Puerto Rico, is low in phosphorus (4). Results 
obtained in this controlled experiment would indicate that more considera¬ 
tion should be given to supplying phosphorus to commercial vanilla, either 
directly to the roots as a chemical fertilizer or in the form of mulch obtained 
from land which has been fertilized with phosphorus. 


Potassium deficiency 

Symptoms of potassium deficiency became apparent several weeks after 
those of phosphorus deficiency. As shown in table I, the fresh and dry 
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weights were less than those obtained from plants grown in the full nutrient 
solution but more than those obtained with nitrogen and phosphorus-defi¬ 
cient plants. The small size of the leaves and small stem girth were clear- 



. ,^ I8 . 3 - \ K00t of Vanilla fmgrans Ames as affected by nutrient deficiencies 

( ) phosphorus, (b) nitrogen, and (c) potassium; (d) received full nutrient solution. 


cut sym^oms.. Also, as indicated in figure 2, the intensity of green was 

greatest^ leaves of Potassium-deficient plants. There was no marginal and 
tip burning of the leaves. 
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* Those roots developing from new shoot growth only. Dry weights of lower root systems were lost by an unfortunate mistake. Photographic evi¬ 
dence, however, is shown in accompanying figures. 

t An average of 3 measurements per shoot taken 6 nodes from base, 6 nodes from tip, and at the middle node. 

t These plants apparently obtained a limited amount of calcium from a few limestone pebbles discovered in creek gravel after treatment initiated. 
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Under soil conditions in Puerto Rico, particularly with the clay types, 
there has been no published evidence of potassium deficiency in plants. 
Small leaves and stem girth and very dark green leaves have been observed 
with plants growing under excessive shade in the field and in the green¬ 
house. It was assumed, however, that these characteristics were a result of 
excessive shade, although this point should be checked further. 

Low CALCIUM 

Another treatment in this experiment included a set of plants receiving 
a solution deficient in calcium. It is evident from table I that the overall 
growth of these plants was as good as those receiving full nutrient solution. 
It was ascertained after the experiment had been in progress for several 
months that this was apparently due to a few limestone pebbles in the creek 
gravel, although no trace of calcium could be found in the nutrient solution 

TABLE II 

MINERAL COMPOSITION BASED ON OVEN DRY WEIGHT OF LEAVES FROM VANILLA GROWN IN THE 
GREENHOUSE UNDER DIFFERENT NUTRITIONAL CONDITIONS 


Treatment 

Ash 

N 

P 

K 

Ca 

Mg 


% 

% 

% 

% 

% 

% 

Full nutrient . 

14.65 

1.95 

0.29 

3.90 

2.42 

1.75 

Minus K . 

14.15 

2.28 

0.34 

0.79 

4.07 

2.52 

Minus P . 

13.63 

1.61 

0.15 

3.67 

1.97 

1.98 

Minus N . 

17.59 

0.58 

0.37 

I 4.30 

3.36 

2.58 

Low Ca. 

15.31 

1.63 

0.32 

! 3.77 

1.92 

2.47 

Catalina mulch . 

15.96 

2.21 

0.38 

1 3.61 

2.50 

2.25 

Soller mulch . 

15.34 

1.84 

0.28 

2.86 

3.65 

1.74 

Toa mulch . ! 

15.63 

1.98 

0.54 

3.98 

2.09 

2.69 


after it had been pumped to the gravel for a period of 2 weeks. Table II 
shows that the calcium content of these vanilla leaves was relatively low; 
in fact, one-half the amount present in leaves of plants grown in Soller 
mulch. This would indicate that vanilla can grow satisfactorily at least 
for the first year, on a relatively low calcium supply. 


Plants grown in mulch 

Vanilla plants were grown in three types of mulch and distilled water 
as a supplemental study to the above experiment. From figure 4 and table 
I, it is apparent that the best growth was made under these conditions. 
Although top and root growth was definitely better for plants grown in 
Soller mulch, the difference was not significant. In field experiments and in 
commercial .vanilleries, plants growing in Soller mulch have been generally 
better that* those growing in Catalina mulch. The mineral composition of 
plants grown in Soller mulch (table II), does not show a marked difference 
in quality, except in calcium, content, from that of plants grown in mulch 
obtaihed from Catalina soils. The plants grown in Toa mulch, on the other 
hand, were relatively high in ash and in all analyzed elements except calcium. 
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This was probably due to the fact that many previous fertilizer applications 
had been made to the soil from which this mulch was obtained. 

Since vanilla apparently can obtain the necessary elements from mulch 
alone, the above data further emphasize the soundness of the standard recom¬ 
mendation in Puerto Kico to apply and maintain a heavy mulch around the 
vanilla roots. 

Mineral composition of vanilla leaves 

The data in table II show that the ash and potassium content of nitrogen- 
deficient plants was higher than that of plants in other treatments. Since 
nitrogen deficiency had such a retarding effect on growth and production 
of dry matter, it is not surprising to find high levels of minerals in these 
plants. It is of interest to note that although the nitrogen content of the 



Pig 4. Root development of >ainlla giown m muleli obtained fiom (a) Toa, (b) 
Catalina, and (c) Soller soils. Compare with figure 3. 


leaves was less than one-third that in the full nutrient plants (0.58 %), the 
vines were still alive. 

The interesting feature of the mineral composition of the low-phosphorus 
plant was the fact that the nitrogen and calcium contents were also rela¬ 
tively low. Apparently phosphorus is required for the normal absorption, 
and, possibly the utilization, of nitrogen and calcium by the vanilla plant 
Phosphorus in the phosphorus-deficient plant was about one-half that in the 
full nutrient plant. 

Potassium deficiency resulted in abnormally high calcium, nitrogen, and 
magnesium content. Lack of potassium in the nutrient medium apparently 
favors the absorption of these elements. Although the percentage of potas¬ 
sium in the leaves was only about one-fifth (0.79%) that of the full nutrient 
plant, the effect of potassium deficiency on dry weight was relatively small 
as compared with the effect of nitrogen and phosphorus deficiencies on dry 
weight (table I). The amount of phosphorus in the potassium-deficient 
plants was about normal (table II). 
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Calcium deficiency was somewhat similar to that of phosphorus in its 
effect on the nitrogen and potassium content of the leaves. In both phos¬ 
phorus- and calcium-deficient plants the nitrogen content was relatively low 
while the potassium content was about normal. Magnesium was somewhat 
high and phosphorus about normal in calcium-deficient plants. 

Although the calcium content of calcium-deficient plants was low, it ap¬ 
parently was not below the critical level. 

In general the levels of minerals in leaves (table II) from the plants 
growing in the three types'of mulch (table III) were as high and in most 
cases higher than those in plants supplied with a complete nutrient solution. 
Although distilled water was supplied to the mulch medium, it is evident 
that sufficient mineral elements were leached from the mulches to supply 

TABLE III 

Mineral analysis op mulch used in greenhouse vanilla experiment (oven-dry basis) 


Soil from which mulch 

WAS OBTAINED 

Ash 

N 

P 

K 

Ca 

Mg 


% 

% 

% 

% 

% 

% 

Catalina . 

10.5 

1.51 

0.15 

1.74 

0.84 

0.19 

Toa . 

25*1 

1.63 

0.30 

2.74 

1.00 

0.35 

Soller . 

14.5 

1 

1.10 

0.13 

1.47 

1.20 

0.16 


the needs of the vanilla plants. The fact, also, that the best growth was 
obtained with plants growing in mulch indicates that some factor or factors 
other than those studied may be involved. 

Summary 

1. A study was made of the effect of deficiencies of nitrogen, phosphorus, 
and potassium on root and top growth of vanilla. 

2. A deficiency of phosphorus resulted in poor growth and dying of the 
roots and tops of vanilla. The symptoms resembled closely those frequently 
seen in the field on plants dying of the so-called “root rot” disease. 

3. Nitrogen and potassium deficiency resulted in poor growth of the tops 
and roots but there was little or no death of tissues under the conditions of 
this experiment. 

4. Good root and top development was obtained with plants growing 
only in mulch that was irrigated with distilled water. This indicates that 
vanilla can obtain the necessary minerals from mulch alone, and that the 
standard recommendation of heavy mulching in vanilleries is sound. 
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THE EFFECT OF INDOLE-3-ACETIC ACID IN THE DIASTASE 
CHARCOAL MODEL SYSTEM 1 


Frederick G. Smith, William E. Lanoeland, 
and Elmer Stotz 

(with three figures) 

Received December 14, 1946 

A mechanism of auxin action was proposed by Eyster (3, 4) similar 
to the classical adsorption theory of narcotic action of Traube and War¬ 
burg (2). It was based on the action of synthetic auxins in a model system 
composed of charcoal as a representative colloid, and diastase and starch as 
representative plant enzyme and substrate. Recent evidence (1, 5, 6, 7) 
that starch mobilization is one of the characteristic responses to auxin 
stimulation makes this proposal of increased interest and its substantiation 
even more urgent. 

Eyster’s experiments are subject to several criticisms which are con¬ 
sidered later, but his proposal is worthy of further examination. His con¬ 
clusions were that auxins have two types of action in the model system, and 
presumably also in plant tissues: “. . . phase I, release of enzyme in whole 
or in part from charcoal; and phase II, effect on enzyme action proper” 
(4). He argued that in “phase I” the release of diastase or other enzyme 
from the inactive bound condition by auxins was the cause of growth-pro¬ 
moting effects and that in “phase II” inactivation of free diastase or other 
enzyme was the cause of growth-inhibiting effects. 

The object of the present work was to reinvestigate Eyster’s observa¬ 
tions on the diastase-charcoal model system using somewhat different and 
more rigorous experimental conditions. The effect of three types of inter¬ 
actions of auxin, charcoal, diastase, and starch on diastatic activity was 
investigated: (1) auxin on free diastase, (2) competitive adsorption of 
auxin and diastase on charcoal, and (3) the interaction of all four com¬ 
ponents. 

Methods and materials 

, Diastatic activity was measured by saccharification rates using a re¬ 
duced scale modification of Redfern and Johnston’s alkaline ferrieyanide 
technique ( 8 ). This method gives a more accurate and sensitive determina¬ 
tion of diastase activity than is possible by starch-iodine color methods 
such as Eyster’s. The charcoal (Norite A), diastase (Merck, medicinal 
U.8.P. IX), and auxin (indole-3-acetic acid, Eastman) were the same as 
used by Byster and the starch was Merck’s soluble starch (according, to 
Lintner, special for diastatic power determination). The present work was 
restricted to indole-3-acetic acid as a typical auxin, and for the sake of 

1 Journal Paper no. 690, New York Agricultural Experiment Station, Geneva, N. Y., 
Dec. 9, 194ft 
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brevity it will be referred to as “IAA.” All incubations and hydrolyses 
were carried out at 30° dfc 0.2° C., and all systems containing charcoal were 
shaken continuously at rates sufficient to keep the charcoal evenly sus¬ 
pended. In the first and third types of system, hydrolyses were run in 
phosphate buffers while in the second type they were run at pH 5 in the 
standard acetate-buffered starch solutions of the Redfern and Johnston 
technique ( 8 ). In all cases, however, 0.5% starch was used and in most 
cases 0.01% diastase as in Eyster’s work. Amounts of charcoal were 
adjusted to the requirements of each system. 

Eyster recognized the influence of pH on diatase activity but pre¬ 
ferred not to buffer his systems . . because buffer salts are not neutral 
in their effects on enzyme action” (4). Furthermore, it is not clear why 


TABLE I 

The EFFECT OF indole-3-acetic acid on activity of free diastase 


Indole-3-acetic acid concentration 

Diastase activity 

p . p . m . 

mg * 

pH 8: 

\ 

0 

1.25 

50 

1.35 

50 

1.35 

0 

4.5 

50 

5.5 

50 

5.3 

pH 6: 


0 

5.3 

50 

5.3 

50 

5.3 

0 

5.2 

50 

5.4 

50 

5.3 


* Maltose per minute. 


he chose a pH of 8.2 at which malt diastase has only a small fraction of 
the activity at its optimum pH and which is outside the physiological range 
of most plant tissues. To insure adequate pH control and to more closely 
approximate physiological conditions in the present work, therefore, all 
solutions unless otherwise stated were buffered with 0.025 M phosphate and 
experiments were run at both pH 8 and pH 6. Specific conditions of the 
several types of experiments are given with the results where necessary. 

Results 

The effect of IAA on free diastase was measured by incubating the 
enzyme and 50 p.p.m. IAA for 20 minutes before adding the starch substrate. 
In no case at either pH 6 or pH 8 was any inhibiting effect observed, though 
at the latter pH results were more erratic in general and often showed signifi¬ 
cantly increased rates in the auxin treatments. Typical results are given 
5 (table I). 
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Three types of experiments were run which involved the competitive 
adsorption of IAA and diastase on charcoal. The purpose of these was to 
determine whether IAA in any way affected the amount of diastase adsorbed 
on charcoal at equilibrium or the rate of reaching equilibrium. The first 
type tested the effect of IAA on previously adsorbed diastase, Eyster’s 
“phase I.” Amounts of diastase sufficient to saturate the charcoal were 
adsorbed by shaking for various lengths of time in buffers at pH 8 and 
pH 6. The diastase-charcoal adsorbate was separated by centrifuging, re¬ 
suspended in the same buffer or buffer plus 50 p.p.m. IAA, and shaken for 
periods ranging from 20 minutes to 4 hours. The charcoal was then re¬ 
moved by filtration, the supernatant adjusted to pH 5, buffered starch 

TABLE II 

The effect of indole-3-acetic acid in blocking the adsorption of 

DIASTASE ON CHARCOAL 


Indole-3-acetic 

ACID CONCENTRATION 

Diastase activity 

Blocking* 

p.p.m. 

mg. t 

% 

pH 8: 



0 

0.00 


50 

0.20 

3 

200 

0.10 

1.5 

0 

1.10 


50 

1.42 

5 

200 

1.55 

8 

0 

1.10 


50 

1.20 

3.5 

200 

1.60 

8 

pH 6: 



0 

0.35 


50 

0.23 

0 

200 

0.50 

2 

0 

0.30 


50 

0.17 

0 

200 

0.25 

0 

0 

0.00 


50 

0.10 

3.5 

200 

0.40 

4 


* Blocking percentage was calculated by dividing difference in rates of charcoal 
systems with and without indole-3-acetic acid by difference in rates of control without 
charcoal and charcoal system without indolc-3-acetic acid, 
t Maltose per minute. 


added, and the diastatic activity determined. In no case at either pH 8 
or pH 6, with one possible exception, was there any greater diastastic activ¬ 
ity in the IAA treatment than in the control. The level of activity was 
negligible in most cases or when measurable was probably due to small 
amounts of supernatant fluid wetting the charcoal in the first centrifugation. 
The amount of adsorbed diastase estimated by difference from that in the 
first supernatant fluid was such that a small percentage released could easily 
have been measured in the final supernatant fluid. 

Sin4e IAA seemed to cause no significant release of charcoal-bound 
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diastase, a search was made for evidence that it blocked or decreased the 
rate of diastase adsorption. Two types of experiments were carried out. 
In the first or blocking type, amounts of charcoal not quite sufficient to 
adsorb all the diastase were incubated with 50 p.p.m. or 200 p.p.m. of IAA 
at pH 8 or pH 6. The time required for adsorption of the IAA was deter¬ 
mined by the disappearance of the 280 m n indole band using a Beckman 
ultra-violet spectrophotometer. Diastase was then added, the mixture 
again incubated for a definite period, and the charcoal removed by centri¬ 
fuging. The pH was adjusted to pH 5, starch added, and the diastase 



Fig. 1. The effect of indole-3-acetic acid on the rate of adsorption of diastase on 
charcoal at pH 8 (70 mg. charcoal in 80 ml. of 0.02% diastase and 0.025 M phosphate 
buffer). 

activity determined. Results of representative experiments are given 
(table II). In no case, except a few in which the rate curves were erratic, 
was any large effect observed. At pH 8 there may have been significant 
blocking at 200 p.p.m. in a few cases. 

In the second type the effect of IAA on the rate of diastase adsorption 
was measured as follows. A slight excess of diastase was added to aliquots 
of buffered charcoal suspension previously equilibrated with or without 50- 
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p.p.m IAA. Samples were withdrawn at intervals and added to the starch 
substrate. Hydrolyses were stopped after five minutes by transferring 
aliquots to the Na^COs part of the alkaline ferricyanide reagent. The sus¬ 
pension was then filtered into the ferricyanide part and the reducing power 
determined as usual. Results of several trials at pH 8 and pH 6 indicated 
a slight decrease of the adsorption rate in the presence of auxin in most 
cases. Typical curves are shown (figs. 1, 2). The effects, however, were 
probably within the experimental error of control curves which were not 



MINUTES 

, Fig. 2. The effect of indole-3-acetic acid on the rate of adsorption of diastase on 
charcoal at pH 6 (50 mg. charcoal in 80 ml. of diastase, curves A 0.01% and curves B 
0.02%, and 0.025 M phosphate buffer). 

highly reproducible. At any rate, there was no blocking effect sufficiently 
striking to encourage further investigation on the competitive adsorption 
of L&A and diastase on charcoal as a model physiological mechanism. 

# One further type of experiment was conducted which was similar to the 
one on which Eystek seemed principally to have based his hypothesis. All 
components of the system were added in quick succession, the diastase last, 
and the diastatic activity determined at intervals. The general behavior 
is illustrated (fig. 3). Initial rates of the charcoal system both with and 
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without IAA were the same as the control without charcoal, They soon, 
dropped, however, becoming negligible as the diastase was withdrawn from 
the hydrolyzing mixture by the charcoal. In no case did the presence of 



Fio. 3. The effect of interaction of indole-3-acetic acid, charcoal, diastase, and 
starch on diastase activity (40 mg. charcoal in 40 ml. of 0.01% disatase, 50 p.p.m. indole- 
3-acetic acid, and 0.025 M phosphate buffer at pH 6.0). 

IAA significantly change the picture at either pH 8 or pH 6 though the 
curves at the former pH were as usual more erratic. 

Discussion 

In this investigation of Eyster’s hypothesis no effort was made to repeat 
his experiments exactly, first, because his methods did not lend themselves 
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to quantitative interpretation and, second, because the work was not re¬ 
ported in sufficient detail. The present results, therefore, cannot always be 
compared directly with Eyster’s. 

Concerning “phase II” no evidence was found for inhibitory action of 
IAA at 50 p.p.m. on free diastase. Eyster’s own evidence for inhibition 
was not clear cut; the earlier report (3) [compare also Smith (9)] was 
apparently based on work without pH control and the later evidence (4) 
seemed to consist largely of interpretations of the relative shapes of hydrol¬ 
ysis rate curves which depended upon a number of other factors as well. 
Auxins may, of course, have inhibitory action on other enzymes or even 
on diastase under other conditions, but the present evidence hardly pro¬ 
vides a basis for explaining the growth-inhibiting action of auxins. 

Eyster, on the other hand, suggests that the growth-promoting action 
of auxins is due to the release of diastase or other enzyme from a bound 
form as demonstrated with the charcoal model. In the present work no 
evidence was found for release of charcoal-bound diastase during periods 
from 20 minutes to 4 hours. Eyster’s systems were allowed to stand longer 
periods of time but apparently were not shaken to insure adequate mixing, 
and no quantitative results were given. Two other types of experiments 
on the effect of IAA on diastase adsorption had no parallel in Eyster’s work. 
They provided evidence from another point of view that IAA has little if 
any effect on diastase adsorption on charcoal. The last type in which all 
components interacted together, likewise, showed no evidence of auxin effect. 
The proposal of Eyster that auxins may influence growth by controlling 
the adsorption of enzymes was of sufficient interest to initiate the experi¬ 
ments reported, but no substantial support of this hypothesis was realized, 
at least insofar as the diastase-charcoal model system is concerned. 

Summary 

A reinvestigation of the action of indole-3-acetic acid in Eyster’s dia¬ 
stase-charcoal model system was made under more rigorous experimental 
conditions. No convincing evidence was found that indole-3-acetic acid 
either inhibited free diastase directly or markedly altered the adsorption 
equilibrium of diatase on charcoal. 

Biochemical Laboratories 

Division op Food Science and Technology 

New York Agricultural Experiment Station 
Geneva, New York 

LITERATURE CITED 

1. Alexander, T. R. Carbohydrates of bean plants after treatment with 

indole-3-acetic acid. Plant Physiol. 13: 845-858. 1938. 

2. Clark, A. J. General Pharmacology. J. Springer. Berlin. 1937. 

3. ;Etoter, H. C. Auxin action. Science 97: 358-359. 1943. 

- v , 

4 ; _-- Effect of auxins on the action of diastase in vitro. Plant 

Physiol. 21: 68-74. 1946. 



SMITH ET AL.: IND0LE-3-ACETIC ACID AND DIASTASE 


307 


5. Mitchell, J. W., and Martin, W. E. Effect of indoleacetic acid on 
growth and chemical composition of etiolated bean plants. Bot. 
Gaz. 99: 171-183. 1937. 

g -. Effect of naphthalene acetic acid and naphthalene aceta¬ 

mide on nitrogenous and carbohydrate constituents of plants. 
Bot. Gaz. 101:688-699. 1940. 

7. -•, Kraus, E. J., and Whitehead, M. R. Starch hydrolysis 

in bean leaves following spraying with alpha-naphthalene acetic 
acid emulsion. Bot. Gaz. 102 : 97-104. 1940. 

8. Redfern, S., and Johnston, W. R. The effect of substrate on diastase 

activity. Cereal Chem. 15: 327-341. 1938. 

9. Smith, P. F. Studies of the influence of colchicine and 3-indoleacetic 

acid upon some enzymatic reactions. Proc. Oklahoma Acad. Sci. 
21 ; 105-108. 1941. 



INFLUENCE OF PHOSPHATE ON STABILITY OF 
CRUDE PENICILLIN 

Robertson Pratt 

(with three figures) 

Received October 8, 1946 

Fermentation studies on Penicillium notatum in surface cultures sug¬ 
gested that a correlation, independent of buffer action, exists between the 
concentration of KH 2 P0 4 initially present in the culture medium and the 
maintenance of a relatively high degree of antibacterial activity in the crude 
penicillin ( 8 ). The term “penicillin” is used here in its original sense as 
defined by Fleming (6) to designate the mold-free filtrate obtained from 
cultures of Penicillium sp. This problem has been investigated further and 
is the subject of the present report. 

The instability of penicillin in aqueous solutions, especially in certain 
pH ranges, is well recognized. It was shown in 1942 that maximum stability 
occurs between pH 5.5 and pH 7.5 (2), and more recently a thorough study 
of the stability of pure and partially purified penicillins in aqueous solutions 
at different temperatures and at different hydrion concentrations has been 
published by the Northern Regional Research Laboratory (3). 

Concerning unpurified crude penicillin, using the term in Fleming’s 
original sense, it was observed (1) that maximum titres were found in the 
medium when the pH was about 7.0. Subsequently, attempts were made to 
maintain a favorable pH in the fermentation medium by use of suitable 
phosphate buffers (5) after it had been suggested that penicillin in crude 
fermentation liquors may be rapidly destroyed by the biological production 
of excess acidity (4). 

Early experiments in this laboratory suggested, however, that suitable 
mixtures of inorganic phosphates might exert a stabilizing effect independ¬ 
ent of buffer action on crude penicillin, and soon after the present experi¬ 
ments were begun, it was suggested that a similar effect might be observed 
in partially purified preparations (10). 

Materials and methods 

Three series of nutrient solutions were prepared containing KH 2 P0 4 , 
MgS0 4 .7H 2 0, and NaNO s in different proportions but all with a total molar 
concentration of these three salts of 0.04 M. Solutions used for surface cul¬ 
tures contained in addition lactose, 0.111 M (40 gm./l.); corn steep liquor 
solids, 40 gim/L; 1 and ZnS0 4 .7H 2 0, 0.00015 M (0.044 gm./l.). Those used 
for submerged fermentations in shaken cultures (9) contained in addition 
to the salts, lactose, 0.083 M (30 gm./l.), and corn steep liquor solids, 20 
gm./l, 1 ' ' 

i Carft“Products Company’s “Argo MVE16” and Clinton Company’s steep liquor 
were n#e<l in different experiments. Similar results were obtained with both products. 
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In each series the concentration of KH 2 P0 4 covered a relatively wide 
range. Since the initial total molarity of the solutions was constant, i.e., 
0.04 M, the initial concentration of MgS0 4 or of NaN0 3 (or both) changed 
.as the concentration of KH 2 P0 4 was increased or decreased. In one group 
MgS0 4 was held constant at a low level while the concentration of NaN0 3 
varied; in the second series NaN0 3 was held at a low level while MgS0 4 
varied; and in the third lot both MgS0 4 and NaN0 3 were furnished in 
approximately equal concentrations in each culture, but both varied from 
one culture to the next (table I). Detailed discussion of the suitability of 
these and other solutions for supporting biosynthesis of penicillin has been 
published elsewhere (8, 9). 

TABLE I 

Combinations op nutrients used in culture media each with initial total 
SOLUTE CONCENTRATION OP 0.04 M 


Solution No. 

Millimoles/liter 

kh,po 4 

MgSO, 

NaNO, 

Series I 




2 

36 

2 

2 

6 

27 

2 

11 

17 

19 

2 

19 

54 

2 

1 2 

36 

Series II 

i 



o 

36 

2 

2 

9 

27 

11 

2 

18 

19 

19 

2 

40 1 

1 8 

28 

4 

Series III i 




o 

36 

2 

2 

37 l 

* 8 

16 

16 

58 

1 

18 

21 


Surface and submerged cultures were inoculated and incubated as previ¬ 
ously described (8, 9). The crude penicillin was harvested aseptically on 
the seventh day and aliquots were placed immediately in an incubator at 
37° C. Each filtrate was assayed daily by the standard cylinder plate 
method (using Staphylococcus aureus, NRRL 313 [F.D.A. strain 209P] as 
the test organism) until the potency had fallen to less than 10% of the value 
at the time of harvest. 

Results 

The experiments have been repeated several times, always with similar 
results. Averaged data from six experiments with surface cultures are 
shown (fig. 1). The percentage of initial potency remaining in each filtrate 
is plotted against the days of storage at 37° C. The upper set of curves is 
for series I in which the initial concentration of MgS0 4 .7H 2 0 was 0.002 M 
and that of NaNOg varied from 2 millimoles/1, to 36 millimoles/1. The center 
set is for series II in which the initial concentration of NaN0 3 was 0.002 M 
(0.004M in one solution) and MgS0 4 .7H 2 0 ranged from 2 millimoles/l. to. 
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28 millimoles/1. The lower set is for series III in which MgS0 4 .7H*0 and 
NaNO* both varied from one solution to the next but were of approximately 
equal concentration in any given culture. For convenience, the sets of 
curves have been overlapped somewhat and to avoid confusion numerical 



Pig. 1. Influence of initial concentration of KH 2 P0 4 in culture medium on mainte¬ 
nance of antibacterial activity in crude penicillin stored at 37° C. Upper set of curves 
for series I, center set for series II, and lower set for series III. (See text for further 
explanation.) Inset; time required for loss of 50% initial potency as a function of 
concentration of KH 2 P0 4 initially in medium. 


values less than 25% have not been, printed on the vertical axis. The inset 
shows the time required for loss-of 50% of the initial antibacterial potency 
of the filtrates as ft function of the initial concentration of KH 2 P0 4 in the 
culture medium. 
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Figure 2 shows similar data for crude penicillin (from submerged shaken 
cultures with Penicillium chrysogenum X-1612 and P. chrysogenum NRRL 
1984-A cultured as described previously (9). The curve for surface cul¬ 
tures (see inset, fig. 1) is included in this figure for comparison. 

In another similar set of experiments with surface cultures phenylacetic 
acid (0.25 gm./l.) was added to the culture medium, and in still another set 
p-hydroxy benzoic acid (0.1 gm./l.) was added. Both of these compounds 
increase the yield of penicillin obtained in the crude liquor; it has been sug¬ 
gested that the increased yield is partly due to formation of a more stable 



Fig. 2. Time required at 37° C. for loss of 50% of initial antibacterial potency in 
crude penicillin from three strains of mold as a function of initial concentration of 
KIIoPO* in culture medium. 

form of penicillin, or at least to an increase in the relative concentration of 
such a penicillin in the mixture of antibiotics produced by the cultures. 

In the present experiments, the rate of inactivation of crude penicillin 
from cultures with a given initial concentration of KH 2 P0 4 was the same in 
the three sets regardless of the presence or absence of adjuvants. Curves 
to show the loss of antibacterial activity in solutions with high, intermediate, 
and low initial concentrations of KH 2 P0 4 in each of the three series are 
shown (fig. 3). These curves are typical of those obtained in every case. 
Within the limits of error of the experiment, the same curve may be used to 
describe the data for any given initial concentration of KH*P0 4 whether or 
not phenylacetic acid or p-hydroxy benzoic acid was added to the standard 
culture medium. For convenience, the curves have been overlapped and 
numerical values below 100 omitted. The intervals marked off represent 
25%. 
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Results of all the experiments show a strong correlation between initial 
concentration of KH 2 PO« in the culture medium and the stability at 37° C. 
of the crude penicillin produced therein. The effect was not due to buffer 
action, per se, of the phosphate ion, since the pH of all the cultures was 
within the range 7.2 to 7.5 at the time of harvest and did not change signifi¬ 
cantly during the period of storage. The average unitage in the harvested 
liquors is shown (table II). 



Fra. 3. Influence of initial concentration of KH 2 PO, and of presence of adjuvants 
in culture medium on maintenance of antibacterial activity in crude penicillin stored at 
37° 0. Intervals on abscissa represent 25%. (For molecular composition of solutions 
see text.) 

The same trends are apparent in all the experiments, whether or not 
adjuvants were present and regardless of whether the initial concentration 
of MgSO* varied from low to relatively high values while that of NaNO s was 
uniform, or whether the initial concentration of NaN0 3 varied while that 
of MgSO* was .constant. It seems reasonable to conclude, therefore, that 
the variati^.in stability of the crude penicillin, was independent not only 
of the concentrations of MgSO* and NaN0 3 but also of the presence or 
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absence of phenylacetic acid or p-hydroxy benzoic t acid. In these experi¬ 
ments the stability appeared to be directly dependent upon the concentra¬ 
tion of KH 2 P0 4 or of phosphate present initially in the medium. 

The mechanism responsible for the protective action of KH 2 P0 4 or of 
phosphate on the crude penicillin is not clear at present, but it may well be 
effected through an esterification of part of the molecule similar to that 
reported for a number of other compounds of biological interest (7) and 
a consequent blocking of an enzyme system involved in the processes of 
destruction. 


TABLE II 

Oxford units/ml. at time of harvest in crude filtrates used for 

STABILITY STUDIES 


LUTION 

No. 

Surface cultures 

Submerged cultures 

P. notatvm 
1249.B4 

P. chrysogenum 
X-1612 

P. chrysogenum 
1984-A 


V/ml * 

pH 

V/ml. 

pH 

U/ml 

pH 

o 

336 

7.25 

90 

7.30 

120 

7.42 

6 

93 

7.10 

140 

7.50 

81 

7.32 

9 

143 

7.20 

90 

7.28 

80 

7.40 

17 

165 

7.30 

169 

7.52 

80 

7.39 

18 

90 

7.18 

92 

7.00 

93 

7.19 

37 

133 

7.32 

182 

7.36 

78 

7.32 

40 

152 

7.26 

118 

7.40 

106 

7.41 

54 

126 

7.28 

, 123 

7.33 

77 

7.33 

58 

131 

i 

i 7 - 42 . 

106 

7.41 

118 

7.42 


* Addition of <_> CILCOOII, 0.25 gm./I., increased the yields 20-25% and addi¬ 

tion of HO - <r ~> COOH. 0.1 gm./l., increased yields 15-20%. 

A forthcoming paper in the Journal of the American Pharmaceutical 
Association, Scientific Edition, describes parallel experiments on purified 
penicillin. 

Summary 

A study was made of the stability at 37° C. of crude penicillin from 
several series of cultures with different initial concentrations of KH 2 P0 4 . 
Three strains of mold were used as follows: In surface cultures; Penicillium 
notatum 1294.B4; in submerged cultures, P. chrysogenum X-1612 and P. 
chrysogenum 1984-A. Surface fermentations were carried out on standard 
media with no adjuvants and in the same media with phenylacetic acid or 
p-hydroxy benzoic acid added. Submerged fermentations were in the 
standard medium only. 

In all series of cultures with each strain of mold, the results were simi¬ 
lar—namely, the rate of loss of initial antibacterial potency varied inversely 
with the concentration of KH 2 P0 4 initially present in the culture medium 
and was independent of the concentration of MgS0 4 and of NaNO a . Pres¬ 
ence of phenylacetic acid or of p-hydroxy benzoic acid in the medium did 
not modify the stability of the crude penicillin. 
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A VIEWPOINT FOR PLANT PHYSIOLOGY 1 

Paul J. Kramer 
Received January 28, 1947 

Notable as has been the growth of plant physiology and great as have 
been its contributions to agriculture, horticulture, forestry, and other fields, 
it may be questioned whether it is making as substantial contributions to 
plant science as it can and should make. There is considerable evidence 
that it is not. There are still too few courses in plant physiology offered 
in our colleges and some of those offered are not taught so effectively as 
would be possible and desirable. As a result many professional botanists 
and workers in applied fields of plant science have had little or no training 
in plant physiology. It is particularly unfortunate to find men going into 
agriculture and forestry lacking such training, because without it they can 
never really understand the growth processes of plants. There are also few 
plant physiologists employed in research projects by allied fields. While 
plant physiologists have been widely employed in horticulture for many 
years, few are in agronomy, and until very recently almost none in forestry. 
Many agricultural experiment stations do not even list plant physiologists 
as staff members. Likewise, few plant physiologists have entered industrial 
research. Although industrial laboratories such as those of food-processing 
companies and fertilizer manufacturers employ agronomists, chemists, plant 
pathologists, plant breeders, and soils specialists, they seldom have plant 
physiologists on their staffs. While considerable physiological research is 
being done in industrial laboratories, most of it is carried on under con¬ 
ditions such that our field receives no credit. 

If it be true that plant physiology is not making so large a contribution 
to plant science as it is capable of making, we should search for the reasons 
and attempt to find remedies. One reason may be that administrators in 
charge of teaching and research programs do not sufficiently appreciate the 
usefulness of plant physiology in training students and solving problems. 
This seems to be largely our own fault; we have been too modest to advertise 
the contributions we can make and we have often failed to see or to take 
advantage of our opportunities. 

If we are earnest in our desire for plant physiology to attain its widest 
possible usefulness, we must educate scientists in other fields to appreciate 
its possibilities. Before we start a campaign to sell plant physiology to 
others, however, it might be wise to consider what we have to offer. First 
we, ourselves, must know what plant physiology can contribute to workers 
in other fields of plant science. It is probable that our aims and objectives 
have received too little attention. Each year hundreds of papers are pub¬ 
lished in the field of plant physiology, but almost nothing is published about 

i Delivered as the address of the retiring president of the American Society of Plant 
Physiologists for 1945—46, at Boston, Massachusetts, December 27, 1946. 

315 



316 


PLANT PHYSIOLOGY 


the field. This is unfortunate; more consideration should be given to the 
objectives of our field and its proper relationship to other fields of plant 
science. We must develop a clearer understanding of our aims and objec¬ 
tives—a sort of professional viewpoint or philosophy. We need to develop 
a clearer understanding of the scope of our field and its relationship to other 
fields of plant science; this is essential to the planning of both successful 
teaching and productive research programs. We must know for what we 
are training our students if we are to know how to train them, and we must 
imbue them with a broad viewpoint and stimulate their imagination if they 
are to render maximum service. 

It is difficult to define the field of plant physiology in terms of content 
because it is so extensive. Papers published in the area of plant physiology 
deal with such diverse subjects as the vitamin content of vegetables, the 
moisture content of leaves, the mechanism of respiration and of photosynthe¬ 
sis, plant hormones, weed killers, and methods of determining the permanent 
wilting percentage of soils. Originally the interests of plant physiologists 
were confined to the field of botany in its narrow sense, but in recent years 
they have extended to agronomy, forestry, horticulture, plant pathology, 
soils, biochemistry, and biophysics. Furthermore, topics once of interest 
solely to botanists are now important to other scientific workers. Thus the 
chemical composition of tobacco leaves may be as important to agronomists, 
soils technologists and chemists as to plant physiologists; and measurements 
of respiration and of photosynthesis may be as essential to the explanation 
of problems in forestry and horticulture as in botany. The field of plant 
physiology therefore can no longer be clearly distinguished from other fields 
by content alone; it can be better distinguished in terms of its viewpoint and 
relation to other fields of plant science. This is illustrated by the following 
diagram showing the interrelations among various factors determining the 
growth of plants. 


Hereditary potentialities Environment of the plant, 

of the plant. 


The field of genetics and 
plant breeding. 


The field of ecology and 
soils technology. 


X / 

Internal physiological processes 
and conditions of the plant. 


The field of plant physiology. 


* 

Plant growth. 

The field of applied plant science, including 
agronomy, foreatry, and horticulture. 
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The behavior of plants, like that of other organisms, is determined by 
two interacting groups of factors. These are the genetic factors, determined 
by the heredity of the plant, and the environmental factors, determined by 
the conditions of soil and climate under which the plant is grown. Study 
of genetic factors obviously is the field of the geneticist and plant breeder, 
while study of the factors of the environment is primarily the field of ecolo¬ 
gists and soils technologists. 

Plant behavior, as measured in terms of quality and quantity of yield, 
whether corn, cotton, lumber, apples, or flowers, is primarily the concern of 
workers in applied fields such as agriculture, forestry, and horticulture. 
These men are concerned principally with the problem of how to grow larger 
crops of higher quality. They think and experiment chiefly in terms of 
crops, not of individual plants. No matter how much investigators in the 
applied fields learn about the effects of such specific treatments as fertilizers, 
irrigation, tillage, or cutting practices, on quantity and quality of growth as 
measured by crop yield, a very fundamental question is left unanswered. 
This question is: “ How do variations in hereditary and environmental con¬ 
ditions produce differences in quantity and quality of plant growth?” The 
answer is, of course, that the growth behavior of an organism can only be 
affected through changes in its internal physiological processes and condi¬ 
tions. Here lies the field of activity of plant physiology. The aims of plant 
physiologists are to observe and measure these internal processes and con¬ 
ditions, to study their physicochemical mechanisms and the effect on them 
of variations in environmental factors, and to use the information so obtained 
in explaining the behavior of plants. 

Plant physiologists have been effectively observing and measuring plant 
processes, but they have been somewhat negligent about interpreting and 
applying the results of their observations. Too often the interpretation and 
application of physiological findings have been left to workers in other fields. 
As a result, even though fundamental research has been done in plant physi¬ 
ology, full credit is seldom given for its discoveries. If plant physiology is 
to make its maximum contribution to plant science, plant physiologists must 
give more attention to the significance of their research, and especially to 
its usefulness in explaining plant behavior. Mere accumulation of data is 
not enough, no matter how carefully the data are obtained. Any industri¬ 
ous person can learn a technique, accumulate data, and publish a paper, but 
only a well-oriented investigator can interpret his results and publish a 
paper which makes a valuable contribution to our knowledge of plants. 

Much time, money, and energy are wasted on research projects from 
which no worth-while results are obtained simply because the investigators 
do not agree on a definite objective. Funds are available for research, a cer¬ 
tain problem seems interesting, or there is pressure to publish something; 
so a piece of work is done without adequate consideration of its ultimate 
contribution. With a little more foresight and imagination a valuable con¬ 
tribution might result instead of another “So what?” paper. Such a waste 
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of time and money is all the more unfortunate because of the tremendous 
amount of fundamental research so clearly needed. 

There is not a single crop plant for which we have all the needed physi¬ 
ological data. Although much work has been done on a few species such as 
apples, com, and tomatoes, there is no comprehensive, well-integrated survey 
of the physiological processes of any species under field conditions. Care¬ 
ful, and preferably simultaneous measurements of growth, photosynthesis, 
respiration, transpiration, stomatal opening, and other processes are needed. 
Such studies would make known the causes of variations in quantity and 
quality of yield and thereby aid in the control of the yield of crop plants. 
Some possibilities for worth-while physiological research in fields which have 
not been adequately investigated can be indicated by a few examples. 

Foresters have long debated the relative importance of shading versus 
root competition for water and minerals. They have attempted to solve the 
problem by various types of field experiments, particularly the use of 
trenched plots. Their experiments were not entirely satisfactory, however, 
because the results could be interpreted according to the bias of the observer. 
Actually the relative importance of water and light in the survival of tree 
seedlings depends on the physiological characteristics of the competing spe¬ 
cies, hence laboratory studies of these species are essential to determine the 
more important factor in survival. Foresters have learned from experience 
that certain silvicultural practices are better than others, but they seldom 
know why; plant physiology should help explain in terms of physiological 
processes why certain practices are successful and others unsuccessful. 

Plant physiologists, working for several decades in the mineral nutrition 
of plants, have acquired much information about the absorption mechanism 
and the manner in which some of these elements are used in the plant. 
Agronomists and horticulturists have performed numerous field experiments 
to study the effects of mineral elements on quantity and quality of the crop. 
Nevertheless, it is still not fully understood why specific fertilizer treatments 
produce certain results in terms of yield. This is because there is inadequate 
information concerning the effect of fertilizer treatments on various physio¬ 
logical processes. Since fertilizer treatments can affect plant growth only 
by changing internal physiological processes, the need for such studies seems 
obvious, yet little fundamental work of this sort has been done. Plant physi¬ 
ologists must bridge the gap between field and laboratory experimentation 
in order to explain plant behavior more completely. 

As another example, a certain tobacco research laboratory has a remark¬ 
ably complete set of chemical analyses of tobacco, showing the differences in 
composition of leaves grown on various soil types, with different fertilizer 
treatments, ahd in different seasons. Unfortunately, reasons for the differ¬ 
ences in composition can only be surmised because there are no measure¬ 
ments of the physiological processes of tobacco plants grown under these con¬ 
ditions. OjA^y after studying the water relations, the rate of photosynthesis, 
respiration-^ Stomatal opening, and other processes as they vary with season, 
soil, and fertilization can the differences in yield and quality be explained, 
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and only when the causes for these differences can be explained can a 
rational, scientifically sound cultural program be 'developed for tobacco. 
The same is true of many other crops. These are clearly tasks for plant 
physiologists—tasks well worthy of their best efforts. 

The field of plant pathology offers many opportunities for physiological 
research. The physiological condition of a plant has important effects on 
its resistance or susceptibility to disease. Furthermore, many of the abnor¬ 
mal conditions termed diseases are physiological in nature and could be 
worked on more efficiently by physiologists than by pathologists. Progress 
in the control of human diseases has been greatly advanced by a physiologi¬ 
cal approach, and it is probable that plant physiology can make equally 
worth-while contributions to the control of plant diseases. More attention 
should also be paid to the physiology of fungi. Mycologists have given most 
of their attention to the morphology and taxonomy of fungi and physiolo¬ 
gists have concentrated on seed plants, so the physiology of fungi has not 
received the attention it deserves. There are scores of such opportunities 
to contribute to the knowledge of fundamental physiological processes and 
at the same time to obtain information valuable to workers in the various 
applied fields; the only requisite is the imagination to recognize opportuni¬ 
ties and the training and persistence to approach them scientifically. 

Two general approaches to physiological research are apparent. One is 
to concentrate on the details of particular processes without regard to the 
role of these processes in the life of the plant as a whole. Examples can be 
found in the investigations of the mechanisms of photosynthesis, respiration, 
and mineral absorption where the emphasis is on the chemical and physical 
processes involved rather than on their importance to the organism. The 
other approach might be termed “interpretative” in viewpoint because it 
stresses the plant as a unit and emphasizes the study of plant processes in 
order not merely to understand the processes but to explain th£ growth 
behavior of plants. 

Greater emphasis has been placed on the interpretative or applied 
approach for several reasons. In the first place it seems intrinsically impor¬ 
tant to our understanding of plants, and hence for plant science as a whole, 
that this aspect of physiology be energetically investigated. Secondly, plant 
physiology as a field will flourish only to the extent that it can prove the 
value of its work. Under present economic and social conditions it is rela¬ 
tively easy to obtain funds for research projects which promise to yield 
results capable of practical application, while it is extremely difficult to 
justify large expenditures on research of purely theoretical interest. If 
plant physiologists insist on working chiefly on projects of theoretical impor¬ 
tance with complete disregard for their applications, the field is apt to suffer 
from lack of financial support. Thirdly, development of practical applica¬ 
tions of fundamental research usually stimulates interest in and support for 
the related fundamental research. Only by demonstrating that our research 
yields information with worth-while applications can we expect to obtain 
funds and support with which to continue. 



320 


PLANT PHYSIOLOGY 


For example, twenty years ago the study of photoperiodism in plants was 
largely of academic interest, but it was soon discovered that a knowledge of 
the photoperiod requirements of various crops was useful to agriculture. 
Appreciation of the practical importance of photoperiod has stimulated more 
fundamental research in this field than would ever have been possible if its 
practical applications had not been demonstrated. Another example of the 
impetus than can be given to fundamental research by practical needs is in 
studies of dormancy and retention of viability in seeds. Funds can often 
be obtained for work on species of economic importance although financial 
support is not usually available for work on species of no economic impor¬ 
tance. The work on plant hormones was originally of only theoretical inter¬ 
est, but since it has been demonstrated that hormones and related substances 
have important practical applications in growing plants, research in this 
field has been greatly stimulated. 

While emphasizing the interpretative or applied approach, the contri¬ 
butions which come from specialized research on the mechanisms of various 
physiological processes should not be minimized. More investigators with 
training, inclination, and equipment for work in these specialized fields are 
needed. Nevertheless, it seems likely that most of the support for such 
specialized research will come because of the need to explain problems in the 
applied field. Of course there is no real distinction between fundamental 
and applied research; there is merely a difference in viewpoint. It has often 
and truly been said that the more fundamental the research the wider its 
possible practical applications. The importance of fundamental research 
is widely appreciated, but more attention should be given to its application 
to practical problems. 

This emphasis on the necessity of understanding and cooperating in the 
solution of problems attending the growth of economic plants does not mean 
that short-time applied projects of the so-called practical type are desirable; 
far from it. No greater disservice could be done to the applied plant sciences 
than for plant physiologists to forsake fundamental research on plant proc¬ 
esses and turn to investigations of the best methods of growing corn, cotton, 
tobacco, or forest trees. It is important, however, that there is a tremendous 
amount of basic research on plant procesess which should be done, because 
eventually this work will have important applications in growing better 
crops of corn, cotton, and forest trees. 

Another way of expressing this viewpoint is to state that more attention 
should bet directed to the relevancy of research and teaching to the environ¬ 
ment of the workers. President Conant of Harvard University has been 
tgpoted as saying “To my mind a scholar’s activities should have relevance 
to the immediate future of our civilization.’’ The same can be said of a 
scientist’s activities; his work should be related to the general scientific 
problems of his environment. Financial support can hardly be expected if 
the researeMnr insists on following his own personal interests, without regard 
to the rest w'the world. It is possible that problems which now seem irrele¬ 
vant may later become very important, but this is no excuse for neglecting 
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or avoiding work on problems which if successfully solved would have imme¬ 
diate applications. 

It is obvious that this viewpoint requires a high degree of cooperation 
with colleagues in other fields. We must become familiar with problems in 
other fields of plant science and in industrial research. We need better 
cooperation between those workers who are principally interested in basic 
research and those who are chiefly concerned with applications. An ex¬ 
change of ideas will stimulate imagination and broaden understanding. 
Many problems will be too complex to be solved by one worker or by workers 
in one field, hence investigators from several fields may cooperate. It will 
be necessary to call in chemists and physicists to aid in using the new 
research tools being developed in their fields. 

Development of a broad viewpoint must also be taken into account in the 
training of students. They must learn not only of the physiological proc¬ 
esses of plants, but also the contributions of these processes to the growth 
of the plant. Proper training of graduate students is of the greatest impor¬ 
tance, for the future of plant physiology depends on our success in training 
future teachers and investigators. 

More and more of our problems are becoming too complex for individual 
scientists to deal with effectively. This increases both the responsibilities 
and the opportunities for service of such organizations as The American 
Society of Plant Physiologists. The greatest service of our Society has been 
the publication of Plant Physiology, but certain other functions are likely 
to become increasingly important in the future. Society committees can be 
very helpful because they are able to collect and evaluate information on a 
scale impossible to individuals. 

The Society committees on chemical and physical methods have given us 
useful reports, and they should continue to keep us informed concerning new 
research methods. New committees have been authorized to study such 
problems as the professional status of plant physiologists, the training of 
students, and the relation of plant physiology to industrial research. The 
Society must now consider how to cooperate effectively w T ith the other plant 
science societies and what its relation will be to an organization representing 
all the biological sciences. There is need for greater cooperation among 
individuals in supporting our Society and among societies in promoting 
objectives common to all workers in the plant sciences. Such cooperation 
will help us as individual scientists to work more efficiently and will enable 
our societies to work more effectively for us. 

To be successful our officers and committees need active support. Obtain¬ 
ing new members and paying dues are important, but that alone is not 
enough to make our Society successful. All of us must study our problems 
and help the officers and committees solve them. Just as the success of our 
field depends on the value of our scientific contributions, so the success of 
our Society depends on the extent of our contributions as members to its 
activities. 

Duke University 

Durham, North Carolina 
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Most varieties of sweet potatoes (Ipomoea batatas Lam.) bloom fairly 
readily under proper environmental conditions. So far as the writer knows, 
however, there is no report in the literature of a first-hand observation of 
blossom formation in any variety of the Jersey group, a group defined by 
Thompson and Beattie (1). Physiologists, formulating theories of the 
fundamental mechanisms of flower formation, must take into account the 
unique behavior of this subspecies from a family of plants whose members 
are more or less characterized by their capacity to produce blossoms at most 
nodes while continuing to grow indeterminately. At the same time it is 
important that a method of producing flowers on Jersey sweet potatoes be 
found; it is highly desirable that Jersey varieties should be crossed with 
other varieties in order to combine the excellent market appearance of the 
Jersey storage roots with the disease resistance, high vitamin content, and 
vigor found in other members of the species. It is hoped that this paper 
may stimulate interest in the problem and result in observations and sug¬ 
gestions of benefit to this work. 

Summary of observations and trials 

Attempts to discover or induce flowering of the Jersey sweet potato have 
involved a long series of exploratory trials and observations. Because there 
was no clue regarding a means of modifying radically the normal vegetative 
form of growth, elaborate quantitative tests seemed inadvisable. Under dif¬ 
ferent environmental conditions none of the many kinds of Jerseys has 
shown any marked change either in branching habit or in form of leaves. 
Vineland Bush, a cultivar with short internodes, and several strains of the 
Big Stem Jersey subgroup did not develop any more evidence of approach 
to a reproductive phase than did the regular Little Stem Jersey varieties. 
All of the following treatments were ineffective: 

1. Continuous lighting (24-hour days) of old plants either at tempera¬ 
tures ranging from 50° to 60° F. or from 80° to 105° F. or higher. Light 
was provided by 150-watt Mazda bulbs. Some growing points were as close 
to the bulbs* as possible without danger of burning. These plants, of course, 
could not bfe grown at the lower temperature levels. Other plants were 
arranged at distances up to five or six feet from the light source. 

2. Taking day length with season from about 12 to 15^ hours outside 
and 9$ td^tSi hours in the greenhouse. Generally, natural daylight was 

i Journal Paper no. 249, Purdue University Agricultural Experiment Station. 
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relied upon, but in the winter of 1943-44 sunlight in the greenhouse was 
supplemented by light from a battery of fluorescent lamps placed from one 
inch to several feet from the growing points of the various plants. It was 
found that Porto Rico, Nancy Hall, Southern Queen, and many seedling 
sweet potatoes bloom fairly well in the spring in the greenhouse without any 
supplemental lighting. Some years, Southern Queens, if widely spaced, also 
bloomed rather freely in the field. 

3. Partial girdling of the stem by notching it to a depth two-thirds of its 
diameter. Such girdling was done at different times, on old plants, and 
with various day lengths and light intensities. 

4. Grafting young branches of Jersey sweet potatoes on weakly flower¬ 
ing plants of Porto Rico and of certain seedling strains. Successful grafts 
are easy to make, but without continual attention the plants do not grow 
well. Apparently, normal branches of the stock plant compete at a consid¬ 
erable advantage with the scions. For satisfactory development it is neces¬ 
sary to remove all stem buds and to cut off all new shoots which continually 
arise from below the ground level. The pruning done, although time-con¬ 
suming, w r as neither sufficiently thorough nor often enough repeated. None 
of the scions made more than a foot of new growth. 

5. Grafting young branches of Jersey sweet potatoes on abundantly 
flowering plants of wild sweet potato (Ipomoca pandurata (L.) G. F. W. 
Mey) and of a wild morning glory (Ipomoca hcderacta Jacq.). Again, the 
stock plant had to be repeatedly pruned to prevent its putting out branches 
or new shoots. When such care was given, many of the grafts grew ex¬ 
ceedingly well. 

6. Growing individual plants continuously in the greenhouse until they 
were two years old. Such plants were kept pruned to single stems so that 
young branches received nitrogen through old stems. Although generally 
not vigorous, they sometimes had vines 20 to 25 feet long. Potatoes formed 
on these old plants were amputated on different occasions by washing away 
soil from around the bases of the plants and severing the connections of 
storage roots and main stems. Under favorable conditions young plants of 
Southern Queen and of certain non-commercial strains of sweet potatoes 
produced flower buds on shoots not more than two months old, from time 
of bedding sprouted roots. These vines were less than a foot long. 

7. Wide spacing of plants in the field, for example 10 by 10 feet, and 
staking of principal branches. This treatment, suggested by J. C. Miller 
of the Louisiana Agricultural Experiment Station, seems, under favorable 
conditions of soil moisture and atmospheric humidity, to encourage the blos¬ 
soming of some varieties, e.g., Porto Rico. Even with girdling, however, 
wide spacing was entirely ineffective for Jersey sw T eet potatoes. 

8. Starving plants for nitrogen both in the field and in the greenhouse. 

Attempts to induce flowering have extended over a period of eight years. 

Various combinations of the eight treatments listed above have been used 
and numerous environmental conditions have been employed. 
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The writer is indebted to several persons who assisted in the various ex¬ 
ploratory trials: Miss Frances Shoaf, Mr. Ernest Norhlinger, and espe¬ 
cially Miss Mary Bruce, a graduate student who has been very successful 
both in making grafts of sweet potato on I. pandurata and I. hederacea and 
in maintaining the growth of scions. 

Department of Horticulture 
Purdue University 

Lafayette, Indiana 
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THE CHEMICAL RELATION OF THE LEAF, SHEATH, AND 
STEM OF fiLUE PANICUM, PANICUM ANTIDOTALE retz. 

Martin Gibbs 
Received March 19, 1947 

It has been the custom in this laboratory in preparing grasses for chemi¬ 
cal analysis to separate the tops into leaves and “stems” by,clipping the 
leaves next to the ligule; thus the “stem” consisted of the true stem plus 
the leaf sheaths. The separation was made in this way because of the diffi¬ 
culty of removing the sheath from the stem; however, from a structural 
point of view, the sheath belongs with the leaf. It was of interest, therefore, 
to compare the leaf blade, sheath, and stem on the basis of chemical con¬ 
stituents ; no reference to work of this sort has been found in the literature. 

Procedure 

Blue panicum, Panicum antidotaXe Retz., which had been grown in the 
greenhouse was harvested when the plants were fully mature and about 
three feet tall. The plants, separated into stems, leaf blades, and sheaths 
dried rapidly in an oven ventilated by a stream of air at 70° C. The tissue 
was ground in a Wiley mill to pass a 40-mesh screen. 

Data on the comparison of chemical constituents of leaf, sheath, and stem 
are shown (table I). Total nitrogen was determined by a modified micro- 
Kjeldalil method as described by Noggle (3). The ash components were 
determined on a wet-ashed sample prepared and analyzed as described by 
Noggle (2). 

Reducing and total sugars were determined on a one-gram sample with 
the Shaffer-Somogvi reagent according to Heinze and Murneek (1). The 
carbohydrate results are reported in terms of glucose. All analytical results 
are reported as milligrams of the chemical constituent per gram of dry tissue. 

Results and summary 

The values in parentheses have been obtained on the basis of the sheath 
value as equal to 100. There are significant differences in the chemical con¬ 
stituents of the leaf blade, sheath, and stem of blue panicum (table I). 
These differences justify the separation of grass shoot samples for chemical 
analysis into the three groups used in this study. It would also be possible 
to separate the samples into two groups, one consisting of the leaf blades 
plus sheaths and the other consisting of the stem only; this method appears 
more advantageous than the older way of separating samples into one group 
of leaf blades only and a second group of stem plus sheaths. 

The author is indebted to Dr. G. R. Noggle, Assistant Professor of 
Botany, University of Virginia, for suggesting this problem. 

University or Illinois 
Ubbana, Illinois 
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A MODIFICATION OF THE CELLULOID HOLDER 
FOR COBALT CHLORIDE PAPER 

Victor A. Greulach 
Received March 21, 1947 

The celluloid holder for cobalt chloride paper devised by Meyer (2) 
is a device generally satisfactory for use in studies of water vapor loss from 
leaves, but the gummed eyelet reinforcements used for attaching the paper 
to the celluloid often do not adhere well. This difficulty can be overcome 
by using adhesive cellulose tape (Scotch Tape) instead. 

A piece of half-inch tape about one and one-half inches long is torn 
off and a hole approximately one-fourth inch in diameter punched in the 
center. A square or disc of cobalt chloride paper about five-sixteenths of an 
inch in diameter is placed over the hole on the adhesive side of the tape, 
the tape attached to the celluloid strip, and the projecting ends of the tape 
trimmed even with the edges of the strip. It is not necessary to notch the 
celluloid strip as is done when the gummed eyelet reinforcements are used. 

If desired the size of the holder may be increased slightly allowing 
permanent color standards as described by Livingston and Shreeve ( 1 ) to 
be attached to the hygrometric paper. This is not feasible when gummed 
eyelets are used. 

Department or Biology 

Agricultural and Mechanical College of Texas 
College Station, Texas 
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NOTES 

Election Results.—The retiring Secretary has announced the following 
results in the annual election of officers: President, F. W. Went; Vice- 
President, R. B. Withrow ; Secretary, C. H. Wadleigh; Executive Com¬ 
mittee, P. J. Kramer; Editorial Board, D. R. Hoagland. The Constitu¬ 
tional Amendment passed with only one dissenting vote. The vote for the 
time of meeting stood 154 for September to 175 for December. 

Life Membership.—The Executive Secretary-Treasurer announces the 
purchase of a Life Membership by Robert E. Burns, Department of Botany, 
State University of Iowa, Iowa City, Iowa. An earlier purchaser was Dr. 
Wendell Mullison of Midland, Michigan. 

Dr. C. Stacy French.— Dr. C. Stacy French, Associate Professor of 
Plant Physiology, at the University of Minnesota, Minneapolis, has been 
appointed to the Division of Plant Biology of the Carnegie Institution of 
Washington at Stanford University, California, as announced by the Insti¬ 
tution on March 28. Dr. French has assumed the duties of Director of the 
Division, as of July 1, succeeding Dr. H. A. Spoehr, who is relinquishing 
administrative responsibilities in order to devote his full energies to his 
researches on the products of photosynthesis. Dr. Spoehr has served as 
Chairman of the Division since 1932. 

Born in Lowell, Mass., December 13, 1907, Dr. French was graduated 
from Hai’vard in 1930, and received the degree of Ph.D. from that univer¬ 
sity in 1934. He was a research fellow at the California Institute of Tech¬ 
nology in the following academic year. After spending a year working 
with Professor Otto Warburg at the Kaiser Wilhelm Institut fur Zell- 
physiologie in Berlin, Dr. French returned to Harvard as Austin teaching 
fellow in biochemistry for 1936-38. He was instructor in chemistry at the 
University of Chicago from 1938 to 1941, when he joined the University of 
Minnesota faculty. 

In his researches, Dr. French has been concerned especially with such 
subjects as cellular respiration, and the photosynthesis of purple bacteria 
and of green leaves. His work is thus closely related to the general pro¬ 
grams of the Division of Plant Biology. This research center was organized 
in its present form by the Carnegie Institution of Washington in 1928, its 
history dating back to 1903, when the Institution’s Desert Laboratory was 
established. Its major fields of work are the biochemistry of plant life, in 
which photosynthesis is of primary importance, and experimental taxonomy, 
in which the forces controlling the natural evolutionary process are the main 
focus of interest. 

Dr. Spoehr, who joined the staff of the Desert Laboratory in 1910, be¬ 
came chairman of the Division in 1927. After serving as director for the 
natural sciences of the Rockefeller Foundation in 1930-31, he returned to % 
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the chairmanship of the Division. Carbohydrate metabolism and photosyn¬ 
thesis are his major fields of investigation, concerning which he has pub¬ 
lished many scientific papers. He will continue his investigations on the 
production of carbon compounds by plants. 

Trace Elements in Plants and Animals. — Walter Stiles. The Mac¬ 
millan Company, New York. 1946. 189 pages. $2.75. 

The author presents a digest of experimental work on trace elements in 
the life of plants and animals carried out in both field and laboratory. In 
this book a highly technical subject is presented in an understandable man¬ 
ner and brings together in one volume information of value for the tech¬ 
nical research worker. This work should -be valuable to all persons inter¬ 
ested in the nutrition of plants and animals. (Fertilizer Review.) 

Elements of Soil Conservation.— Hugh Hammond Bennett. McGraw- 
Hill Book Co., Inc., New York and London. 1947. 406 pages. $3.20. 

The author has drawn upon many years of experience to present a com¬ 
prehensive text on methods and techniques involved in modern soil conserva¬ 
tion. It should prove valuable as a text for agricultural students. The 
author points out many practical aspects of the problem and presents strik¬ 
ing figures to illustrate his points. (Fertilizer Review.) 

The Production of Tobacco. — Wightman W. Garner. The Blakiston 
Co., Philadelphia. 1946. 516 pages. $4.50. 

Dr. Garner has produced an authoritative and well-illustrated book 
covering all phases of tobacco production. Two chapters are devoted to 
fertilization and mineral nutrition. The book is of special value for student 
and reference use with complete bibliographies. (Fertilizer Review.) 

Fifty Tropical Fruits of Nassau. — Kendal and Julia Morton. Text 
House, Coral Gables, Florida. $3.50. 

While this book was written to acquaint yisitors with the assortment and 
variety of the fruits of Nassau, it is well recommended by qualified botanists. 
The volume is richly illustrated and of the narrative-inventory type. Pho¬ 
tographs of the fruits are quite complete and the text deals primarily with 
the history, description, and utility of the fruits, including the manner of 
preparation for the table. 

The Cereal Rusts as Exemplified by the Leaf Rust of Wheat. —K. 

Starr Chester. Chronica Botanica, Waltham, Mass. 1946. 270 pages. 
$5.00. 

The principles developed in this monographic treatment of wheat rust 
apply to cereal rusts in general as well as plant diseases in general. The 
book is based on the world literature and the author’s researches in this 
field. Particular emphasis is given to the effect of environment on rust and 
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host plant, host-parasite relationships, rust dissemination, specialization, 
and control. 

Index to the Literature on Photochemical Analysis. —American So¬ 
ciety for Testing Materials, 1916 Race St., Philadelphia 3, Pa. 200 pages. 
$3.00. 

This Society, through its Committee E-2 on Spectrographic Analysis, 
has sponsored the publication of two indexes on this subject. One, issued 
in 1940, covered the years from 1920 to 1939; the second, just available in 
1947, covers the period from 1940 to 1945, inclusive. The second Index has 
almost a thousand contributions to literature in this field with brief abstracts 
of the material. The painstaking and intensive work of maintaining and 
compiling these indexes was carried out under the direction of staff members 
of the National Bureau of Standards. Copies may be obtained from the 
A.S.T.M. Headquarters. 

Enzymes.— James B. Sumner and G. Fred Somers. Second Edition. 
The Academic Press, Inc., New York. 380 pages. 1947. $6.50. 

A revised and enlarged second edition with new material and complete 
revision of some sections. The preparation of various .enzymes is stressed 
and methods are given for their extraction and purification. The first 
chapter of the book is concerned with the general properties of enzymes and 
this is followed by detailed treatment of the hydrolytic and oxidative en¬ 
zymes. A short discussion of desmolases, hydrases, and mutases is then pre¬ 
sented with the addition of one chapter on carbohydrate metabolism. Each 
chapter is followed by a complete bibliography of abbreviated citations. 
This new' edition should be of interest as a general reference and represents 
a usable compilation for the laboratory. 
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DISTRIBUTION OF RUBBER AND RESINS IN GUAYULE 

O. F.-Curtis, Jb. 

(with one figure) 

Received January 16, 1947 

Introduction 

Rubber contents are so frequently the focus of attention in investiga¬ 
tions of guayule (Parthenium argentatum Gray) that an account of rubber 
distribution in the plant may contribute to experimental studies as well as to 
purely descriptive literature concerning the plant. In the choice of plant 
.material for study or for sampling, or in the interpretation of results, the 
relative amounts and concentrations of rubber in the various- parts may be 
a pertinent factor. Even commercial scale harvesting and milling opera¬ 
tions are aided to some degree by knowledge of which plant parts contribute 
significantly to rubber yields and which are insignificant or mere diluents. 

The pattern of rubber distribution as revealed qualitatively under the 
microscope has been thoroughly studied and described by Ross ( 8 ), Lloyd 
(6) and Artschwager (1). In plants older than one year, the vascular 
rays of phloem and xylem carry the major portion of the rubber. Other 
parenchymatous tissues, the pith, primary cortex, epithelial cells of the 
resin canals, and xylem parenchyma contain rubber; but, partly because 
they comprise a smaller fraction of the plant, the amount of rubber they con¬ 
tribute is less important. In younger plants, some of these latter tissues 
contribute a relatively larger part of the total rubber. Rubber is evident 
in the leaf parenchyma, but only in very small amounts. 

Only incomplete information is to be found concerning the macro-, but 
quantitative distribution of rubber in guayule. Whittlesey (13) separated 
several portions from native plants of uncertain but evidently advanced age. 
As determined by carbon tetrachloride extraction, following extraction with 
alcohol and water, the bark of the root and that of the trunk yielded approxi¬ 
mately 20% rubber. Practically no rubber was obtained from the wood of 
these parts. This supported an impression, already current at that time, 
that the rubber in guayule is largely restricted to the bark. Above the trunk, 
which was apparently the sole remnant of the basal branching system typical 
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of a vigorous yopng cultivated plant, the leafy branches were analyzed as a 
composite sanjpl& Aside from Whittlesey’s report the literature offers little 
but fragmentary information, rarely accompanied by published data. Un¬ 
published data from a preliminary ^survey of a few plants by H. P. Traub 
and B. J. Cooil indicated a general distribution between bark and wood and 
between root and top not unlike that shown in the following pages. 

Olson 1 separated plants into top and basal portions. Prom a series of 
such separations in which the division was at various levels, he obtained 
indications that the maximum concentration of rubber was in the lowermost 
(proximal) parts of the branches. This obtained for recovery by milling 
procedures as well as by direct chemical analyses, and the quality of rubber 
yielded also seemed better in the lower parts of the branches than in either 
the root portions or the youngest upper branches. 

Materials and methods 

' Plant material was obtained from various plantations and experimental 
areas of the Emergency Rubber Project in the vicinity of Salinas, California. 
The history of the plants prior to field culture was that of the usual planting 
procedure. Seedlings produced in thickly planted, irrigated nursery beds 
wore transplanted to the field in the fall or winter, after less than a year of 
growth from seed. The indicated age of the plants refers to the years of 
growth" in th^field following transplanting, although the oldest tissues in 
the root and crown, which were carried over in the transplant, were of course 
neaHy a full year older. Five plants were combined to provide the material 
for each Sepai#tion, and the recorded values are the means of six such groups. 

The general pattern' of subdivision and designation of parts is illustrated 
(fig. 1). The root system was detached where constriction begins below the 
swollen crown portion. The short lengths of secondary and finer roots ob¬ 
tained as the plants were dug were removed as a separate sample of branch 
Toots. This represents only a minute part of an extensive branching root 
system (7), btkt perhaps more than is removed in the normal harvesting op¬ 
eration of undercutting* The primary root, devoid of the lateral roots, 
represents approximately therroot of the original transplant. An arbitrary 
decision placed the upper limit of the crown at the level where the few en¬ 
larged branch bases gave rise to the more profuse main branching system. 
Usually the plane of the soil surface passed through the crown region. Above 
the crown, the branches were separated into the stem lengths corresponding 
to the^successive annual increments of growth. The designations “first year 
stem, second year stem,” etc., accordingly indicate the year of growth after 
transplanting in which the primary tissues of the stem segments were 
formed. ‘Detection of the successive stem segments is made possible by the 
shortened internodes which appear as cessation of bud growth occurs in 

r Olsoh, D. £. Distribution and quality of rubber milled from plant fractions. Un- 
publidhedjtipport in the flies of the Emergency Rubber Project, Salinas, California. July 
14 ,1940 
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Fig. 1. Appearance of guayule plants as taken from the field (left) and the seg¬ 
ments into which defoliated plants were separated (right). Above is a two-year-old 
irrigated plant showing segments branch roots, root, crown, 1st year stem, and 2nd year 
stem in upward sequence from the base. Below is a nine-year-old plant and the segments 
branch roots, root, crown, 1st year stem, 2nd year stem, 3rd and 4th year stem (com¬ 
bined), 5th and 6th year stem (combined), 7th and 8th year stem (combined), and 9th 
year stem. The rule appearing in each photograph is 12 inches (30.5 cm.) long. 

response to exhaustion Of available soil moisture or low temperature. Cycles 
of growth are consequently separated by regions in which the shortened 
intemodes leave a collar of leaf scars similar to the bud scars occurring on. 
deciduous woody plants. The annual increments of growth in length are 
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clearly distinguishable on young plants growing in the vicinity of Salinas; 
but on plants approaching ten years of age the markings on the older parts 
become obscure, and in regions where irregular climatic patterns of moisture 
and temperature occur, annual increments could not be located accurately. 

Dead twigs and branches and the remnants of the wiry flower peduncles 
were removed as a separate sample from the older parts, and the stem of the 
most recent growth increment was separated from its attached leaves and 
flower peduncles. The terms “bark” and “wood” refer to the groups of 
tissues obtained by separation at the cambium region. By hammering the 
segments of stem lightly, the tissues can be separated where the fragile cells 
of the cambium region have been crushed. . 

Following coarse chopping by hand, the various fractions of plant ma¬ 
terial were dried at 65° C., then ground successively through a Wiley mill 
and a hammer mill (9). Rubber and resins were usually determined by the 
method of Spence and Caldwell^ (11). The term “resins’’ thus refers to 
the substances which may be extracted with acetone after the sample has 
been boiled with dilute acid and thoroughly leached with water. Rubber 
was extracted with benzene following the removal of the acetone-soluble sub¬ 
stances. Other methods for rubber (12,14) were employed in special cases 
as indicated in the text. Percentage contents of rubber and resin are ex¬ 
pressed as percentage of dry weight. 

The plants of tables I to VI were all sampled in April when growth was 
just beginning and the rubber concentration was at a maximum which would 
not be exceeded until the following autumn. In connection with total yields 
from the plants, it should be mentioned that with plant spacings as wide as 
those involved in these fields, harvesting is not considered economical until 
more than three years of growth have elapsed. The plants do not fully 
occupy the field area until this time, and during the earlier years the annual 
increments of rubber increase with age. 

Statistical analyses was by the method of analyses of variance. From 
the error variance the standard error of difference between means was as¬ 
certained, which by reference to the tables of “t,” provided an estimate of 
the difference required for significance (5). 

Results and discussion 

TWO-YEAR-OLD PLANTS 

Table I records the distribution of weight, rubber, and resin among the 
various segments of root and stem. These plants, taken from the first plan¬ 
tation established in the operations of the Emergency Rubber Project, lad 
grown for twp' years in the field without any irrigation to supplement the 
winter rainfall of about 13 inches., Rubber concentration, expressed as 
percentage of dry jveight, is lowest in the root, higher in the branch roots, 
and much higher in. the crown and branches. The oldest segments of the 
branches, ste&s formed during the first year, are higher in rubber content 
than the second year stems; but the difference is surprisingly small in view 



TABLE 1 

Distribution of rubber, resin, and weight in two year-old gu \yule 
No IRRIGATION TO SUPPLEMENT WINTER RAINFALL; STRAIN 593; SPACED 36 BY 24 INCHES; SAMPLED APRIL, 1944 
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of the fact that the oldest parts of the former are two years old, while those 
of the latter are only one year old. It is interesting to consider that al¬ 
though the first year stem contained a considerable percentage of rubber 
(table VII) before the growth of the second year stem even started, the two 
are now not greatly different in rubber content. 

Resin concentration is also at a minimum in the root, but with only an 
insignificantly higher concentration in the crown. The second year stem, 
formed during the past year, shows distinctly more resin than the older stem. 

The data show that two-thirds of the dry weight of the plant is in the 
branch system above the crown, about one-third distributed between the root 
and crown, and only a very minor part in the secondary roots. The compo¬ 
sition of the branches will, therefore, be the predominant factor in gross com¬ 
position of the plant as a whole. 

Distribution of the total weight of rubber among the parts is roughly 
parallel to the distribution of dry weight. The contribution of the root in 
terms of rubber quantity, however, is less than in terms of dry weight, be¬ 
cause of its low rubber concentration; the contribution of the branch system 
is correspondingly greater. 

Plants represented by table II are also two years old, but they had been 
irrigated in July and September of each year. Detailed comparisons attrib¬ 
uted to irrigation treatment, are not to be made between these tables I and II, 
for the plants are from independent experiments on separate plantations, the 
spacings in the field are different, and two varieties are involved. The nomi¬ 
nally distinct strains “593” and “406,” however, are practically indistin¬ 
guishable in growth and rubber content ( 3 ), so the sharply contrasted 
levels of rubber concentration probably reflect principally the contrasting 
moisture conditions of the plants. It is also probably justifiable to note 
that although the longer period of summer growth provided by irrigation 
resulted in a lower rubber concentration throughout the plant, a compen- 
satingly higher dry weight resulted. Consequently, the rubber yield per 
plant is very similar under the two moisture conditions. Such approxi¬ 
mately compensating responses to irrigation have commonly been observed 
when natural conditions have not been extremely xerophytic ( 4 ). *• 8 

Despite the over-all dissimilarity between populations, the relations 
. within the plants of table II are similar to those shown in table I. Rubber 
concentration is liWer in the root than in any other part. Here, however, 
the branches are significantly higher in rubber concentration than in the 
crowp, and the younger second year stem not only approaches but even 
equals the first year stem in rubber concentration. Resin concentration is 
again at a mi^jjpum in the root, and the second year stem is richer in resin 

2 Houses, Raufokd. L. Analyses of samples from indicator plots taken in February 
1944. Unpublished data summarized in the files of the Emergency Rubber Project, 
Salinas, California. 1944. 

* Tm«BY, 1). C. The effect of different frequencies of irrigation on two-year-old 
guayule, Si^rnpublished report in the files of the Emergency Rubber Project, Salinas, 
California. March 17, 1945. 
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than is any other part. The two stem increments together contain about 
two-thirds of the total dry weight of the plant, and because of their relatively 
high rubber concentration, nearly three-fourths of the total rubber. 

Separation of the various segments into bark and wood portions reveals 
partial explanations for the pattern of rubber concentration among the 
whole segments. Of particular significance in this connection is the fact 
that rubber is concentrated primarily in the bark; also of importance is the 
fact that the proportion of bark increases progressively from the root up¬ 
ward to the most recent stem segment. Thus, although the root bark is as 
high in rubber as the bark of any other part, there is proportionally much 
less of the rubber-rich bark in the root sample. This, coupled with the very 
low rubber content of the root wood, produces a relatively low rubber con¬ 
centration for the root as a whole. In the matter of the second year stem’s 
attaining a rubber concentration approaching that of the older first year 
stem, the bark of the younger stem yields a rubber concentration quite close 
to that of the older stem. Even this difference is counteracted by the greater 
proportion of bark in the young stem and to a slight extent by the higher 
concentration in the wood, so that the resultant concentration of the two 
stem segments is nearly identical. Rubber concentration of the bark frac¬ 
tion is at a maximum in the root and the crown, somewhat lower in the first 
year stem, and still lower in the young second year stem. The wood on the 
other hand exhibits an extremely low rubber content in the root, and the con¬ 
centration rises progressively through the upper parts of the plant. 

Resin, as rubber, finds its site of principal concentration in the bark. It 
is distributed rather uniformly through the bark of the various segments. 
A slight gradient upward is suggested in the wood, but the only impressive 
distinction is in the high resin concentration of the wood in the second year 
stem. This contributes to the markedly high resin content of the second 
year stem as a whole; differences in resin concentration among the other 
whole segments are largely reflections of varying proportions of bark and 
wood. 

When rubber content is considered in terms of the actual amount in the 
parts, it is seen that the major part is carried in the bark, as would be indi¬ 
cated from the distribution of weight and rubber concentration. Depend¬ 
ing on the segment, the amount in the bark comprises from 72% to 85% of 
the total. Of the total rubber in the plant 79% is carried in th£ bark tissues. 
This figure ignores the branch roots, but the undetermined distribution 
there would not alter the figure greatly, because when included they contain 
less than 7% of the total rubber observed. 

Three-year-old plants 

Tables III and IV present data for plants which have grown for three 
years in t$ue field. All were irrigated once during the first year but not 
duntt^the second year. In the third year the plants of table III continued 
without irrigation, while those of table IV received a single irrigation in 



TABLE III 

Distribution or rubber, resin, and weight in three-year-old guayule 
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mid-September which brought renewed terminal growth and a crop of 
flowers. 

Distribution through the root and stem segments (table III) is quite 
similar to that found in the younger plants (tables I and II). The branch 
roots have a higher rubber concentration than the main root, and the con¬ 
centration increases from root to crown and from crown to first year stem. 
Not only does the second year stem have a rubber concentration comparable 
to the older first year stem; but the third year stem, originating entirely in 
the last of the three years of growth, has attained a concentration closely 
approaching that of the stems which have been accumulating rubber for 
more than two years. 

Resin concentration reaches a conspicuous maximum in the most recent 
stem segment, the third year stem, as it did in the second year stem of the 
two-year-old plants. The second year stem, which presumably had a dis¬ 
tinctively high resin content a year previously, now has the same concen¬ 
tration as the older first year stem. Root and crown show lower resin con¬ 
tents than any other parts. Stems of the above-ground branch system carry 
about two-thirds of the total dry weight and three-fourths of the total 
rubber, as they did in the case of the smaller two-year-old plants. 

Within the bark portion of the plant, the root and crown show the highest 
rubber concentration. Above the crown, the concentration decreases with 
decreasing age of the stem segment. In the wood, the lowest rubber concen¬ 
tration occurs in the root, with an abrupt rise in the crown, and a slight 
rising gradient in the progressively younger stem portions. In these two 
tables the data for the bark and wood of the third year stem cannot be 
strictly compared to the corresponding tissues of the other segments by the 
indicated statistical standards. Samples of this stem segment were sepa¬ 
rated in only three of the six replicates. Furthermore, some selection of 
material was necessary to obtain stems which could practicably be separated 
into bark and wood; and the analyses were by the photometric, micro-method 
of Traub (12). However, the relative weight of dry material, rubber, and 
resin in the bark as compared to the wood was quite consistent, so the infor¬ 
mation from these restricted data is included for comparative purposes. Ac¬ 
cording to these relative weights, the observed values for the whole stem 
samples were calculated into their bark and wood components to give figures 
comparable to those from direct analysis of the whole stems. 

Resin distribution within the tissues does not show a striking pattern 
except for the high concentration in the root bark, the high level reached in 
both the bark and wood of the third year (one-year-old) stem as compared 
to the older stem segments, and of course the relative richness of the bark 
as compared to the wood. 

Dry weight distribution between bark and wood displays the same rela¬ 
tions observed in table II. In the root the bark contributes less than one- 
third of the dry weight. Proceeding upward in the plant to younger parts 
the proportion of bark progressively increases until it represents about two- 
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thirds of the dry weight in the case of the third year stem. The total amount 
of rubber deposited in the bark of the various segments comprises 71% to 
79% of the total for the whole segment. Omitting the branch roots, 76% 
of the rubber in the plant is contained in the bark. 

As a result of irrigation, the plants of table IV show a lower rubber con¬ 
centration than those of table III. However, little change in the pattern of 
distribution can be seen. The lower level of rubber content is reflected 
rather uniformly through all of the parts. Resin, though perhaps at a 
slightly lower general level, is also very similar in distribution. Dry weight 
is distinctively different only in the greater weight of the third year stem. 
This table is offered only to show the effect of distinctive irrigation response 
on relative distribution within the plant, not as a typical example of irriga¬ 
tion culture to compare with the table III plants which were not irrigated. 
The terminal growth made possible by the single late irrigation was soon 
terminated by low temperature; and moisture differentials prevailed only 
until the rains of late autumn and winter. 

Nine-year-old plants 

Some of the relations shown in the preceding tables had already been 
observed in earlier samplings of the three-year-old population. It had been 
particularly striking that the young third year stems yielded a rubber con¬ 
centration approaching that of the older stems, and that the second year 
stems were as high in rubber as the first year stems which were a full year 
older. To further investigate this tendency of young stems to attain, within 
one or two years, the same rubber concentration as older stems on the same 
plant, samples were taken from a population of nine-year-old plants (table 
V). With these plants it would be possible to compare a series of stem 
segments in which the oldest tissues ranged from one to nine years of age. 

The appearance of these plants, and the segments into which they were 
separated are illustrated (fig. 1). Five samples of plants were separated, 
with two plants combined for each sample. The separation was similar to 
that performed on the younger plants, except that the stems were divided 
into biennial increments between the third and eighth year of annual elonga¬ 
tion. Because the markings were occasionally obscure, the stem segments 
may not have been accurately distinguished in all cases. Nevertheless, the 
series from the base of the branches to the tips comprises a series of samples 
with decreasing average age. The planting received no irrigation until the 
seventh year of growth in the field, and was irrigated each summer there¬ 
after. The relatively longer and heavier segments in the seventh and eighth 
year increment* which seemed anomalous before the irrigation history could 
be ascertained, are probably a response to the improved moisture supply. 

Bep&use of the. irrigation imposed during the last three years it is im¬ 
possible todfaw definite conclusions concerning a tendency for equilibrium 
in rubber concentration through segments of varying ages. Although a 
gradien^'bf decreasing rubber concentration from the first year stem to the 
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sixth year stem is suggested, the amount of change is very slight. A notice* 
able decrease is seen when the seventh and eighth year segment is reached, 
but since all the tissues of this segment were developed in the years when 
irrigation prevailed, it is not known whether an effect of age or of irrigation 
is reflected. The magnitude of the decrease is relatively small in any case. 
In the ninth year (one-year-old) stem, however, a greater decrease occurs, 
and this segment as compared to the preceding one probably does not reflect 
an irrigation effect alone. Thus it appears that in an old plant a recently 
developed stem segment will not attain a rubber concentration comparable 
to the older segments until more than a year has elapsed. Within another 
year or two, however, it will have a concentration only slightly lower than 
that of stem segments in which the oldest parts are several years older. 

With separation of the segments into tissues, the bark shows a maximum 
rubber concentration on the crown and the first year stem, with a slightly 
lower value in the root. Prom the first year stem upward, rubber concen¬ 
tration in the bark decreases along a gradient with decreasing age of the 
stem. In the wood fraction, the now familiar low concentration associated 
with the root occurs again. Through the other segments of wood, rubber 
is at a rather uniform level, except that a distinct maximum appears in the 
first year stem. 

Resin concentration for the whole segments is at its lowest value in the 
crown. Above the crown a slight rising gradient is suggested, but marked 
increases occur only in the two youngest segments. Practically the same 
pattern occurs in the bark. The wood attains its highest resin content in 
the youngest stem segment, is at a rather uniform level in the older steins, 
but seems to rise progressively in the segments below and older than the sec¬ 
ond year stem. 

The proportion of dry weight contained in the bark follows the same 
pattern as in the younger plants. The root contains the smallest proportion 
of bark. Upward from the root, a gradient of increasing relative bark 
weight extends to the youngest stems. This gradient operates to maintain 
a relatively uniform rubber content for the stem segments as a whole, in 
spite of the decreasing gradient of rubber in the separate bark and wood 
fractions. 

Distribution of the total dry weight in the plants shows that the root 
comprises about the same proportion as it did in both the two- and three- 
year-old plants. Evidently total growth in the branches and' roots occurs 
at approximately the same relative rates. Although the proportion of the 
total weight contained in the crown was similar between the two- and three- 
year-old plants, it appears to be higher in the nine year plants. But this is 
probably clue to tfce'arbitrary method of choosing the upper limit of the 
crown; because of the swollen development of the old crown, presumably 
engulfing, jthe basal portion of the branches, more of the lower part of the 
branclnwinay have been included in the crown portion of these older fftants 
than in the younger plants. 
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Of the total rubber contained in the plants, about 70% is in the stems 
above the crown. The amount contributed by the bark ranges from 65% 
to 82% among the several segments. Ignoring the branch roots and the 
ninth year stem, which carry only a small part of the total, 76% of the rubber 
in the plant is confined to the bark. 

Because of the high concentration of rubber and resins in bark tissues 
the manipulation in grinding, subsampling for extraction, and extraction 
frequently presents difficulties. This was particularly evident in the nine- 
year-old plants because of the high concentrations involved. To see if these 
difficulties were likely to lead to erroneous results, subsamples of entire stems 
were taken at the same time that the subsamples were taken for tissue sepa¬ 
ration. The rubber and resin contents determined directly on the samples 
of whole stem were then compared to those calculated from the analyses of 
separate bark and wood fractions. In thirteen such comparisons involving 
stems of various ages, the mean rubber content of the whole stems analyzed 
directly was 15.06%, and that obtained from separate analyses of bark and 
wood was 14.88%. A difference of 0.28% would be required for significance 
at the 5% level. The resin values were 7.42% when determined directly 
and 7.58% when calculated from separate analyses of the parts, with a dif¬ 
ference of 0.19% required for significance. Thus it seems that, at least at 
this season, the composition obtained from analysis of separate tissues does 
not deviate conspicuously from that obtained in the commonly employed 
samples of whole stems or plants. 

Dead parts and leaves 

In the preceding tables the figures for the entire plant do not take ac¬ 
count of the dead stems and flower peduncles or of the leaves. Therefore, 
to provide for a more complete description of the plants as a whol^ the 
quantities for these parts are offered (table VI). 

In the composite collection recorded as dead parts, dead shoots and the 
peduncles remaining from former flowers occur in varying proportions, de¬ 
pending on the age and history of the plant. Leas than one-tenth of the 
dead material on the two year unirrigated plants consists of dead vegetative 
shoots, so the sample of dead portions is almost entirely composed of flower 
peduncles. On the two-year-old irrigated plants, dead shoots and twigs 
compose nearly a third of the total dead parts, on the three-year-old plants 
nearly two-thirds, and bn the nine-vear-old plants twigs and branches which 
have died back compose all but a small percentage of the weight recorded. 
These varying proportions of flower peduncles are largely responsible for 
the varying rubber and resin contents for the dead tissue sample. Only 
negligible amounts of rubber (about 0.3%) are to be found in the peduncles; 
and the resin content (between 2 and 4%), is also lower than that of dead 
vegetative stems. 

With increasing age of plant the relative weight of dead parts evidently 
increases. Much of the increase is due to death of branches and twigs' 
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resulting from competition within the plant, and perhaps to some extent 
from cultivation injuries. When the rubber and resin content of the whole 
plants (tables I-V) is corrected to include the dead parts, the resultant fig¬ 
ures represent the values to be obtained for whole defoliated plants as they 
are usually taken for analysis or commercial milling. The effect of the 
dead parts is to lower both rubber and resin concentration only slightly in 
young plants, but to lower rubber more conspicuously and to raise the resin 
concentration as advance age increases the proportion of dead twigs and 
branches. 

Leaves are not usually included in the weight of plant material as it is 

TABLE VI 

Dead parts and leaves 
(For plants or tables I-V) 

Plant population sampled 

Plant parts and constituents 


Dry weight of dead stems 
Grams per plant 

Per cent of entire defoliated plant 
Percentage rubber 
Dead stems 

Defoliated plant less dead stems 
Defoliated plant plus dead stems 
Percentage resin 
Dead stems 

Defoliated plant less dead stems 
Defoliated plant plus dead stems 
Leaves, fresh weight 

Grams per plant 93.0 106.0 156.0 178.0 ' 140 0 

Percentage of entire leafy plant 30.0 20.0 20.0 22.0 9.0 

Leaves, dry weight 

Grams per plant 36.0 42.0 63.0 75.0 52.0 

Percentage of entire leafy plant 18.0 | 13.0 12.0 13.0 . 5.0 

* Number of table in which same plant population is considered. 

used for experimental studies of yields or for milling operations. The very’ 
low rubber content makes the leaves, at best, a mere dilution factor with 
a wide seasonal variation; and they are readily removed by a parboiling 
process employed by the Intercontinental Rubber Company. After immers¬ 
ing the plants in boiling water for a period of five to twenty minutes, the 
leaves can easily be shaken from the plants. However, to more completely 
describe the plants, the observed weights of leaves are added (table VI). 

A conspicuous feature in the leaf weights appears only in the relatively 
small proportion of leaves on the old plants. This merely confirms a visible 
impression. On the tall old plants, crowded in the row, leafy shoots are 
confined to a horizontal plane at the top of the plant, whereas on the young 
plants the leafy shoots form a complete hemispherical canopy over the naked 
lower branches. The leaf weights recorded here are representative only of 
the early spring period of minimum leaf weight just as the terminal buds 
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are beginning a new cycle of growth. As the leafy shoots develop in the 
spring and summer, the leaves of the last year cycle become senescent and 
wither, and by midsummer have been almost completely removed bv me¬ 
chanical action of wind and cultivation. In the case of the two- and three- 
year-old plants considered here, the total weight of leaves doubled by mid¬ 
summer, and the proportional weight of leaves increased by approximately 
50%. Following this maximum, representing almost entirely the leaves on 
the newly formed shoots, the leaf weight dropped again toward the minimum 
of the following early spring. The leaf samples recorded showed a mean 
rubber concentration of 0.3% to 0.5% and a resin content of about 10%. 
The rubber content is quite typical for leaves, though it may occasionally 
approach 1% ; the resin value seems to represent a late winter maximum in 
a range which displays values of 6% to 8% in other seasons. 

The composition of the dead branches and twigs of the nine-year-old 
plants offers a pertinent suggestion. Although many of the branches had 
grown for several years before they died, and would presumably have had 
fairly high rubber content, the rubber concentration of the dead sample is 
lower than that of any stem segment of even the two-vear-old plants. As¬ 
sociated with this low rubber content is an extremely high resin content. 
This suggests the possibility that in the dead tissues rubber had been oxidized 
to substances which are soluble in acetone. Other interpretations are pos¬ 
sible, however, and the possibilities were checked in the following manner. 
Lengths of defoliated stem were oven dried, then suspended from stakes in 
the field where they were exposed to the weather from October to February. 
The rubber content during this period dropped from 9.2% to 3.6% while the 
resin content rose from 7.0 f < to 12.1%; the differences required for signifi¬ 
cance are respectively 1.0 and 1.5 at the 1% level. Thus it seems that dead 
tissues in the field are very quickly subject to changes which transform the 
rubber into acetone soluble products. Probably sunlight is a major factor 
in this change, for the deleterious effects of light on rubber in vitro have long 
been recognized, and dried ground tissue samples held in the laboratory show 
little or no change over such a short period. 4 Paralleling this group of dead 
stems, defoliated fresh stems were exposed in the field to follow the changes 
associated with more natural death. However, in the damp cool weather 
natural drying proceeded very slowly. During the first two months the 
stems remained quite fresh in appearance, and after four months exposure 
they still contained 23% moisture as compared to an initial 40%, and to the 
12% which dried stems had acquired in equilibrium with the field atmos¬ 
phere. No perceptible change had occurred in the rubber content at this 
time, and resin content had actually decreased slightly. 

One-year-old plants 

Although in all the cases considered thus far the root has yielded lower 
concentration of rubber than the stems, this situation may not extend to very 

« Holmes, Raipord L. Report of experiment on storing guavule samples. Unpub¬ 
lished report in files of Emergency Rubber Project, Salinas, California. 1945. 
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young plants (table VII). In this case the plants approximate one-year-old 
field plants in siae and rubber content. However, they are the product of 
a direct field seeding planted in September, 1943. Low temperature brought 
a cessation of growth by December, so when growth resumed in the following 
spring the above ground portion of the plant was only a rosette. Practically 
all of the stem tissue and more than nine-tenths of the root tissue recorded 
for the February, 1945 harvest is therefore a product of the 1944 growing 
season. The planting had not been irrigated since July, and a final thinning 
at that time left a field spacing of 20 by 18 inches. The plant axis was 
separated into the primary root, which was cut at about six or seven inches 
below the soil surface, and the top portion of combined qrown and stems. 

In the case of these young plants the rubber concentration of the root is 
not significantly lower than that of the stems. Within the root, the com- 


TABLE VII 

Distribution or rubber, resin, and weight in one year-old guayule plants. Strain 
593; SEEDED DIRECTLY IN THE FIELD SEPTEMBER, 1943; SAMPLED IN FEBRUARY, 1945 


Plant fraction 


Rubber 

IN DRY 

TISSUE 

Resin 

IN DRY 

T1SS1E 

Dry 

weight 

PER PL\NT 

Rubber 

WEIGHT 

PER PLANT 



% ' 

% 

gm . 

gm . 

Entire plant 


5.89 

6.09 

82.9 

4.88 

Stems and crown 


6.04 

6.50 

67.3 

4.06 

Boot 


5.25 

4.33 

15.6 

0.82 

Boot bark 


10.86 

7.15 

6.8 

0.74 

Boot wood 


0.92 

2.15 

8.8 

0.08 


position of bark and wood is comparable to the two-vear-old irrigated plants 
(table II). However, the proportion of bark in these smaller roots is 
greater, so the resultant rubber concentration of the whole root is higher 
than in the older plants. 

A few samples collected from a three-vear-old irrigated plot in Indio, 
California, provided an opportunity to check certain features of distribution 
which had been consistently noted in plants grown under Salinas conditions. 
The planting in Indio had been irrigated frequently throughout the spring, 
summer, and autumn, which with the high temperatures, provided for a 
very vigorous growth from spring until late autumn. This offered a con¬ 
trast with Salinas conditions, where it seems possible that temperature limits 
growth even during the summer growing season. It also provided an ex¬ 
ample of the vigorous plants obtainable under irrigation in those warm areas 
of the southwest which seem promising for guayule culture. 

Sampfes were taken in March, 1945, to see if variously aged stem seg¬ 
ments show closely similar rubber concentrations, as they do in Salinas. On 
three-ywuvotct plants, which were spaced 28 by 24 inches in the field, the 
rubber#bncentrations in the first, second, and third year stem segments were 
7.1%, 7.1%, and 7.5%, respectively. Resin concentrations were respectively 
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5.2%, 5.9%, and 7.1%. These are not dissimilar from the results with 
Salinas plants, for rubber concentration does not differ among the segments, 
and resin concentration is markedly higher in the most recent stem segment. 

The data from a few plants spaced more closely in the row, 28 by-12 
inches, seem anomalous. Rubber percentages were 8.4, 8.4, and 6.1, respec¬ 
tively, for the first year, second year, and third year stem. Distinction of 
the third annual increment of growth, however, was not certain, and as soon 
as defoliated weights were available it seemed more probable that only the 
most recent part of the third annual increment had been taken in the part 
considered the third year stem. This portion of the stem displayed several 
increments of growth, as if cessation and renewal of growth had occurred 
more than once in a year’s period. It is possible that the close spacing 
resulted in deficiencies of water during the summer in spite of the irrigation, 
and that some of the stem lengths selected as the third year stem contained 
only the more recent growth of autumn. This together with A rtschwager’s 
observation (2) that rubber does not begin to appear in cells until they are 
perhaps two months old or more, might explain the noticeably lower rubber 
concentration in the part called third year stem. But, of course, even if 
this were the case, the rubber concentration of the complete third year seg¬ 
ment would probably still be lower than the other two annual segments. 
The comparable rubber concentrations in these two older segments, despite 
the difference in average age. agree with the results in other collections. 
Resin distribution is also on a familiar pattern, with percentages of 6.3 and 
6.5 for the first and second year stems, and a distinctly higher value of 7.8% 
for the most recent third year stem. 

Laboratory determination of rubber compared with mill extraction 

The question may arise as to whether laboratory determinations of rubber 
contents can represent the rubber obtainable in commercial extraction, for 
the methods employed are entirely different. While the laboratory analysis 
is by means of prolonged solvent extraction, commercial recovery involves 
mastication of the plant material under water in a pebble mill, and flotation 
of the resulting agglomerates of coagulated rubber particles (10). Table 
VIII is an example of a comparison between the two methods. The mill 
extraction was performed by the Assay Laboratory of the Emergency Rub¬ 
ber Project, by processes which parallel those of commercial scale extraction. 
Plants of variety 593, grown for three years without irrigation in a field 
spacing of 24 by 36 inches, were used. Four replicates, involving 40 or more 
plants for each type of plant material, are averaged (table VIII). 

The data illustrate the fact that solvent extraction of plant tissue, as 
used to give the recorded rubber contents in this report, gives a reasonable 
estimate of the amount of pure rubber obtainable by pebble-mill procedures. 
When the erude rubber of the mill product is corrected for the impurities it 
contains, the resultant yield of pure rubber is very similar to that determined 
by the Spence-Caldwell solvent method. The amounts of resin and insoluble 
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materials admixed with the crude rubber are typical of the product from 
young plants; older plants usually yield somewhat purer rubber. It will 
be noticed that the proportional amount of resin in the crude rubber is much 
less than in the original plant material. 


TABLE VIII 

Rubber content or ouayule plants by mill extraction as compared to 

DIRECT CHEMICAL ANALYSIS OP PLANTS 



j Plant material 

Extraction method and yield 

Entire 

plant 

Branches 

alone 


% 

% 

Mill extraction 



Crude rubber . 

17.17 

18.03 

Composition of crude rubber 

Bubber . 



67.2 

66.7 

Besin . 

22.8 

21.9 

Insoluble. 

10.0 

11.4 

Pure rubber obtained by mill process 

11.54 

12.02 

Chemical analysis of plant 



Bubber . 

11.97 

12.41 

Besin . 

8.70 

8.92 


Continued rubber accumulation in old cells 

Comparison between the old plants of table V and the younger plants 
presents another intriguing question. In the root, crown, and older stems 
of the nine-year-old plants, the rubber concentration in both bark and wood 
is higher than in the corresponding parts of the younger plants, despite the 
fact that in the wood of the old stems, bands of dark discolored, presumably 
dead tissue, were frequently evident. Even in the two-vear-old unirrigated 
plants of table I, with the highest net rubber content of any of the younger 
plants, the bark yielded 17.4% rubber in the root and 16.4% in the crown, 
with 1.7% and 5.9% as the respective values for the wood. All these are 
distinctly lower than the values for the nine-year-old plants of table V. This 
increase in rubber concentration as well as in total amount may result from 
two phenomena. Either rubber continues to accumulate in the original 
cells subsequent to the year of their formation, or the cells added in later 
years carry sufficiently high rubber concentrations to raise the resultant con¬ 
centration of the total. Apparently there is no evidence in the literature 
to show whether a given group of cells will continue to accumulate rubber 
for several years after their initiation, or whether their rubber content re¬ 
mains uifc&anged after the first year and is therefore determined by the con¬ 
ditions Of that year. This is a question of both theoretical interest and some 
practical significance. One question in cultural practices, particularly in 
regard ^Irrigation, is whether it would be possible to keep the plant in 
vigoro^ growth during the early years in the field to produce a large plant, 
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and then to bring more intense rubber deposition throughout the plant by 
withholding water. 

The wood tissue, or rather the tissues inside the cambium, would seem 
to offer appropriate material for answering at least the theoretical question 
concerning the ability of some cells to accumulate rubber after their first 
year of existence. The tissues are arranged in order according to their 
sequence of formation in the plant. It follows then, that if the increase in 
rubber concentration for the wood cylinder as a whole is due to progressive 
enrichment by more recent layers of wood with high rubber content, the 
outer layers of wood should exhibit a much higher rubber concentration than 
the inner portion. On the other hand, if individual cells continue to ac¬ 
cumulate rubber over a period of years, the inner wood and pith, corre¬ 
sponding to the entire wood fraction of the segment when it was younger, 
should yield a higher rubber concentration than is found in the wood of 
young plants. 

A series of such comparisons is presented (table IX). The wood samples 
employed were from the first year stem. Thus, in the case of the material 
from ten-year-old plants, the pith and innermost xylem were nearly ten years 
old. Plants providing the material were from the same planting as the 
plants of table V, but since the material was taken in the following fall and 
winter, another year of growth had been added. The lengths of stem were 
selected in the field to be unbranched and without dead branches. A sample 
for separation consisted of one or more such lengths taken from each of three 
to six plants, and from three to six such samples are averaged for each com¬ 
parison. In the laboratory the bark was removed and the remaining wood 
and pith portion cut into lengths of approximately 4 cm., which were further 
selected to omit any which showed remains of branches or bands of dead 
tissue. 

To answer the question investigated, the wood cylinders could be sepa¬ 
rated into inner and outer layers at almost any intermediate point on the 
radius, but to provide somewhat more precise information separation was 
made between specific growth rings. The exposed transverse sections at the 
ends were polished, and the circumference of the appropriate annual ring 
was marked under a magnifier. The xylem outside of this ring was then 
peeled away with a knife to provide the sample of recently formed wood, 
and the remaining inner cylinder, in which the pith always appeared to be 
intact, constituted the sample of the early formed wood. Discernment of 
annual rings is subject to some uncertainty; the same factors that make the 
detection of annual increments of stem elongation difficult produce even 
more confusing patterns in the annular pattern of the xylem. However, 
when the total age is known it is possible to distinguish the annual rings with 
reasonable confidence. To give an approximation of the proportions of the 
wood fractions, the approximate outside radii of the several cylindrical frac¬ 
tions and their relative dry weights as percentages of the weight of the entire 
wood cylinders are included in the table. 



TABLE IX 

Distribution between old and young parts op wood cylinder (xylem and pith) 
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The first comparison (A) (table IX) refers to wood taken in October 
from the first year stem of ten-year-old plants. Rubber and resins were de¬ 
termined by the photometric method of Traub (12). The inner portion 
includes the pith and the layers of xylem produced during the first three 
years of growth. It is therefore composed of the same cells which comprised 
the entire wood cylinder of the stem segment when the plant was three years 
old. A few of the segments in the samples, however, were separated between 
the second and third annual rings. From the rubber values of this compari¬ 
son it is obvious that increased rubber concentration in the wood as a whole 
with advanced age does not simply reflect an enrichment by later formed 
tissues with high rubber content. The wood added in the last seven years 
has a much lower rubber concentration than does the portion which was 
present at the end of the first three years. Furthermore, the 11.9% rubber 
now present in the part comprising the first two or three years of growth, 
but in which the oldest cells are nearly ten years old, greatly exceeds the 
concentration to be found when the oldest cells were three years old. The 
wood of the first year stem (tables I, II) after three years of growth contained 
only 6.3% rubber. The highest value for any five-plant sample included in 
this average was 6.8% ; during a year of periodic sampling which covered 
the fourth year of growth without irrigation, the highest rubber content 
encountered in any individual sample was 7.3% . In the rubber-rich unirri¬ 
gated plants of table I, samples of the first year wood taken in October after 
a third summer of growth to compare with the ten year plants, yielded 5.6% 
rubber with 7.4% as the maximum for any single sample. Therefore it 
seems probable that the cells of the inner part of the ten-year-old wood, those 
cells which were present when the wood was only two or three years old, have 
gained considerable amounts of rubber in the subsequent seven years. 

The procedure for the second comparison (table IX, B) was similar to 
the first one, but the wood samples were taken four months later and the 
analyses were by the method of Spence and Caldwell. Again the old inner 
portion of the wood cylinder is not only much higher in rubber concentra¬ 
tion (13.6% ) than the layers added subsequently (5.9%), but also shows a 
higher value than it could reasonably have had when its oldest cells 'were 
only three years old. When the separation is made so as to include the 
fourth annual ring in the inner cylinder (C) the results are practically the 
same. However, the slightly lower rubber concentration of the inner four 
annual rings as compared to the inner three annual rings may be a true 
difference, for the net concentrations of the entire wood cylinder happen to 
be identical for the two comparisons. This slight reduction perhaps reflects 
a dilution of the three year cylinder by the fourth year wood with a lower 
rubber concentration. The remaining six outer annual rings of the latter 
comparison may also be lower in rubber than the outer seven years of the 
former one because of the somewhat lower average age. 

Somewhat more detailed information concerning rubber distribution in 
the wood is presented in comparison D. To separate the cylinder into three 
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portions representing a gradation in average age the first three annual 
rings including the pith were taken as one sample, the succeeding three 
annual rings as another, and the most recent four annual rings as the third. 
Rubber concentration decreases progressively with decreasing age which in¬ 
dicates, if nothing more, that the new tissues added with advancing age of 
the segment would tend to decrease rather than increase the rubber concen¬ 
tration of the wood cylinder as a whole. 

There is evidence in this comparison of a situation which is hinted in 
the previous ones. It appears that toward the innermost part of the wood 
cylinder rubber concentration rises more abruptly with increasing average 
age than it does in the outer parts. This suggests that a very high concen¬ 
tration may occur in the innermost tissues, presumably the pith. Unfor¬ 
tunately no samples of pith alone were taken. Although the pith comprises 
only a minute part of the wood cylinder of older stems, it is possible that the 
absence of a pith is one factor in the characteristic low rubber concentrations 
observed in the wood of roots. 

The last comparison (E) is within the wood from the first year stem of 
four-year-old plants. Periodic samples in the same population from which 
these were taken showed that the rubber concentration of the wood had in¬ 
creased significantly since the previous winter. Such an increase, it is evi¬ 
dent from the comparison within the wood, could not have been due to 
enrichment by a higher rubber concentration in the recently added wood 
tissue. The recent outer layers have a distinctly lower rubber concentration 
than does the inner part. 

The rubber content in the wood of the old plants in surprisingly high, 
in view of Whittlesey’s report that guayule wood contains no rubber. How¬ 
ever, the differing solvent pairs involved in the Spence-Caldwell method and 
the method of Traub are seen to give very similar results. To further check 
the identity of the rubber obtained from the wood, the rubber films obtained 
and weighed in the Spence-Caldwell procedure were submitted to analysis 
by a gravimetric rubber bromide method (14) immediately after weighing. 
Eighteen such samples, including those obtained from both old and young 
wood samples, showed an average purity of 101.5%. Whittlesey’s material 
may have undergone oxidation or offered some of the other difficulties which 
Spence and Caldwell (11) indicate for the earlier procedures in analyzing 
plant material. It is possible that the wood tissues contain a less effective 
supply of natural antioxidants than does whole stem tissue. Stored samples 
of ground wood tissue seem to decrease in rubber content much more notice¬ 
ably than bark or composite stem tissue. The rubber films obtained from 
the benzene extract of the wood samples of table IX did not show any dis¬ 
coloration and gave the visible appearance of pure rubber. 

The very high rubber concentrations in the old inner wood might be 
interpreted as merely a reflection of disappearance of other constituents in 
the wood. Although it would be difficult to rule out this possibility com¬ 
pletely without following a population over several years, indirect evidence 
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urges that the results could not be attributed to a decrease in the reference 
dry weight. A drastic loss of material would be required to cause the ob¬ 
served increase in rubber concentration. Yet Artbchwager’s anatomical 
observations (1) apparently did not reveal any disintegration of the inner 
xylem in old plants. Furthermore, if dry material had disappeared from 
the old xylem it would be reflected either in a reduced ratio of dry weight 
to cross sectional area or in a compression of the inner cylinder. But calcu¬ 
lation from the radii and relative dry weights recorded in table IX indicates 
that the dry weight/area ratio of the inner wood cylinder is not lower than 
that of the younger outer wood. Nor is there any evidence of compression; 
samples of three-year-old wood cylinders from the most vigorous branches 
of a three-year-old planting showed a mean diameter of 7 mm., similar to 
that of the inner three years in the old stems of table IX. As a further 
suggestion, the inner wood of comparison C (table IX) showed carbohydrate 
reserves at three-fourths the concentration found in the outer wood, and at 
about the same concentration as normally found in the wood cylinder of 
three-year-old plants at that season. This indicates that the reference dry 
weight had not been altered significantly by changes in reserve carbohy¬ 
drates; and, without any sign that reserves were exhausted, it seems un¬ 
likely that extensive dissolution of more permanent xylem constituents had 
occurred. 

Summary 

Guavule plants of various ages and cultural histories are separated into 
several portions to display the distribution of rubber and resins in terms of 
both concentration and weight. 

As the plant is normally harvested for experimental or commercial rubber 
yields, about two-thirds of the defoliated dry weight is in the branch system 
above ground, with only one-third in the impressively enlarged crown and 
root portion. A somewhat larger proportion of the total rubber is contained 
in the branches, for they usually carry a higher concentration of rubber 
than does the combined root and crown. 

The tissues of the bark are the principal site of rubber deposition. Con¬ 
trast between the concentration in the bark and that in the remaining wood 
cylinder is most striking in the root where the concentration in the bark may 
be eleven times that in the wood. In the branches, however, the concentra¬ 
tion in the bark is commonly only two or three times that of the wood; for 
the plant as a whole the bark has approximately three times the rubber con¬ 
centration of the wood. In terms of amounts of rubber the bark is even 
more important, because the weight of bark tissue is somewhat greater than 
the wood. Between three-fourths and four-fifths of the total rubber in a 
plant is carried in the bark. 

Because rubber is more concentrated in the bark the proportion of bark 
in the various segments of stem and root is a factor in their resultant rubber 
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contents. The proportion of bark is at a minimum in the primary root; 
consequently, this part shows a lower over-all rubber concentration than the 
other parts. From the root upward the proportion of bark increases in the 
progressively younger parts with smaller diameters. "When the branch 
system is separated into the successive stem lengths corresponding to succes¬ 
sive annual increments of elongation, there is a strong tendency for the 
uniform rubber concentrations through stem segments of varying average 
ages. By the time the oldest tissues in a stem segment are one year old the 
segment will frequently show as high a rubber concentration as older seg¬ 
ments on the same plant. When another year or two have elapsed the seg¬ 
ment will be as high in rubber as earlier formed segments which are several 
years older. The greater proportion of rubber-rich bark in the younger 
stems is an important factor in this apparant equilibrium; in the bark itself 
there is a noticeable but still relatively slight gradient of decreasing rubber 
concentration from the oldest stem to the youngest. Within the wood of 
plants two or three years old there may be a very slight gradient of increas¬ 
ing rubber from the older stems to the younger ones, but in older plants the 
gradient disappears or may be partially reversed. 

Resins or acetone soluble constituents are also concentrated in the bark. 
Stems which are no more than one year old show conspicuously higher resin 
concentrations than do older stems. 

Leaves and flower peduncles yield only insignificant amounts of rubber. 
Dead shoots and branches are relatively low in rubber as compared to live 
stems. Evidence is offered to suggest that when a branch dies a considerable 
portion of its contained rubber is converted to acetone soluble substances 
within a few months of field exposure. 

Evidence obtained by separation of the wood cylinder into annular parts 
and analyses of the variously aged components indicates that the cells of the 
inner xylem and pith continue to accumulate rubber for several years after 
they are formed. The increased rubber concentration occurring as the wood 
cylinder becomes older was found to be due to continued accumulation in 
the old inner tissues rather than to high rubber contents in the xylem added 
in later years. The inner annual rings of the xylem were much higher in 
rubber concentration than the outer ones, and higher than the corresponding 
‘annual rings of young plants. 

Determinations of rubber and resin were provided by the Rubber Lab- 
oratoiy of this project, under the direction of Raiford L. Holmes. Dr. W. 
F. L. Place and Dr. J. C. Underwood, of the Bureau of Agricultural and 
Industrial Chemistry are to be thanked for the estimations of rubber purity 
by the rqbber tetrabromide method. 

New York Experiment Station 
Geneva, New York 
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Crassulacean plants in general undergo diurnal variation in the acidity 
of the leaf tissue. They share this behavior in greater or less degree with 
plants of a number of other families, but crassulacean plants are the classical 
material for demonstration of the phenomenon; Bryophyllum calycinum, in 
particular, has been repeatedly investigated. Most studies have dealt with 
the titratable acidity of extracts of the leaves and with attempts to account 
for the chemical interconversions that take plaee in terms of reactions in 
which carbohydrates share. Bennet-Clark (1) reviewed the earlier 
literature in 1933 and pointed out that the physico-chemical properties of 
polybasic organic acids must be taken into consideration in the interpreta¬ 
tion of the results of titration. He agreed with previous workers, however, 
who had claimed that malic acid is the component which increases during 
the night and decreases during illumination of the leaves. 

As a general working hypothesis to account for the observed behavior, 
Bennet-Clark suggested that polysaccharides are converted to monosac¬ 
charides (sedoheptose, a 7-earbon sugar, in the case of Sedutn praealtum) 
which, in turn, are oxidized to malic acid during the period when the leaves 
are darkened. The reverse reaction occurs during illumination. No evi¬ 
dence was obtained regarding the by-product of the conversion of monosac¬ 
charide to malic acid (respectively, compounds containing 6 and 4 carbon 
atoms) which was assumed to be a compound that contained either 1 or 2 
carbon atoms (3 in the case of sedoheptose). The observations suggested, 
however, that carbon dioxide is not produced, and he expressed the view that, 
whatever the nature of the by-product, it was probably ultimately converted 
back into the polysaccharide. Accordingly, in its simplest form, Bennet- 
Clark’ s speculation on the mechanisms that underlie crassulacean metabo¬ 
lism involves an equilibrium between malic acid and a polysaccharide; this 
equilibrium is upset in one direction or the other according to the conditions 
of illumination of the leaves. 

The most comprehensive investigations of crassulacean metabolism that 
have been made since the appearance of Bennet-Clark’s review are those 
of Wolf *(14, IB, IB, 17,18). This investigator studied organic acid frac¬ 
tions isolate^ by extraction with ether and likewise observed a reciprocal 
relationship between the quantities of organic acids and carbohydrates, 
especially starch. He confirmed Guthrie’s (5) observation that citric acid 
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undergoes fluctuations parallel with those of malic acid and obtained evi¬ 
dence for the presence of an unknown optically active organic acid which 
also shares to some extent in the changes. 

The identification in this laboratory of isocitric acid as one of the major 
organic acid components of Bryophyllum calycinum leaves (9,12), and also 
independently at the same time by Nordal 1 (8) in two other species of 
Crassulaceae, has solved the problem of the nature of the so-called cras- 
sulacean malic acid and throws light upon Wolf’s statements regarding the 
unknown optically active organic acid of Bryophyllum leaves. Moreover, 
the development in recent years of analytical techniques for the common 
plant organic acids as well as the advances that have been made in the theo¬ 
retical approach to the understanding of carbohydrate metabolism in living 
tissues suggested that a reinvestigation of one of the oldest problems in plant 
biochemistry might be rewarding. A report upon the changes in the chemi¬ 
cal composition of Bryophyllum calycinum over a period of 24 hours of 
alternate light and darkness is accordingly given in the present paper. 

Preparation of samples 

A group of 40 young plants that had been transplanted into sand in 
individual crocks on October 24, 1939 was treated with a complete culture 
solution containing nitrate as the source of nitrogen [see (11) for details 
of composition] for 126 days when four closely similar large plants and four 
similar smaller plants were selected for the experiment. On February 27, 
1940, a bright sunny day which became cloudy in the middle of the after¬ 
noon. a single large and a single small plant were harvested, respectively, 
at 6:10 a.m. (standard time), 12:10 p.m., 4:10 P.M., and at 6:10 a.m. the 
following morning. The 6 to 9 fleshy simple leaves in the lowest position 
on the stem (hereinafter referred to as basal leaves) were collected sepa¬ 
rately, the petioles being left attached to the stem. The leaflets from the 
upper compound leaves formed a second and larger sample from each plant. 
After removal of the basal leaves and leaflets, the stem with the attached 
petioles was cut at the level of the sand. For each point of time, there were 
thus two samples of leaves and one of stem and petiole tissue for each sepa¬ 
rate plant, or 24 in all. The samples were dried and prepared for analysis 
as previously described (10). 

Table 1 shows the numbers of basal leaves and of leaflets, the fresh 
weights and organic solids, the length of the stem and the organic solids 
of combined stem and petioles both for the four larger plants and the four 
smaller plants. In addition, total organic acids and starch of the leaves 
of the larger plants are included, the data being calculated in terms of 
grams per single plant. It is obvious that there was appreciable variation 
in size from plant to plant and that, unless a large number of plants were 
taken for each sample, clear conclusions could not be drawn regarding 

1 Because of war conditions, information concerning Nordal’s observation made in 
1942 was not received in this country until 1946. 
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changes in the chemical composition. Accordingly, it was assumed that, 
notwithstanding moderate differences in size of the individual plants, the 
concentration of the several analytical components would vary with time 
in a manner that reflected the direction and magnitude of the chemical 
changes that occur. Analytical data were therefore computed in terms of 

TABLE I 

Fundamental data on size and weights of Bryophyllum, calycinum plants 
TAKEN FOE ANALYSIS AT INTERVALS OVER A PERIOD OF 24 HOURS. 

Figures not otherwise designated are grams 

PER SINGLE PLANT 


Time or collection 

* 6 :10 
A.M. 

12 :10 
P.M. 

4 :10 

P.M. 

6:10 

A.M. 

Elapsed time (hours) 

0 

6 

10 

24 

Larger plants 






Number of leaves 

Compound leaves 

20 

18 

20 

18 


Leaflets 

96 

74 

82 

78 


Basal leaves 

8 

6 

8 

9 

Fresh weight 

Leaflets 

578.4 

547.7 

512.0 

404.7 


Basal leaves 

221.5 

154.1 

190.7 

246.0 


Total 

799.9 

701.8 

702.7 

650.7 

Organic solids 

Leaflets 

38.5 

35.2 

31.1 

28.0 


Basal leaves 

13.7 

8.6 

11.8 

13.2 


Total 

52.2 

43.8 

42.9 

41.2 

Total organic acids 

Leaflets 

16.1 

11.7 

9.1 

11.3 


Basal leaves 

4.9 

2.5 

3.2 

4.8 


Total 

21.0 

14.2 

12.3 

16.1 

Organic acids as 

Whole plant 

40.2 

32.4 

28.7 

39.1 

percentage of 






organic solids 






Starch 

Leaflets 

2.0 

4.4 

4.7 

0.9 


Basal leaves 

1.0 


1.3 

0.8 


Total 

3.0 

> 4.4 

6.0 

1.7 

Length of stem (cm.) 


61.5 

57.0 

62.0 

60.0 

Fresh weight 

Stem and petioles 

154.5 

132.4 

142.5 

139.5 

Organic solids 

Stem and petioles 

14.0 

11.0 

12.5 

11.4 

Organic acids 

Stem and petioles 

1.51 

1.24 

1.21 

1.26 

Smaller plants 






Number of leaves 

Compound leaves 

16 

14 

17 

16 


leaflets 

62 

43 

62 

59 


Basal leaves 

6 

8 

7 

7 

Fresh weight 

Leaflets 

302.0 

208.0 

355.2 

255.6 


Basal leaves 

190.0 

124.4 

170.9 

109.0 


Total 

492.0 

332.4 

526.1 

364.6 

Length of stem (cm.) 


50.0 

47.0 

54.0 

54.0 

Fresh weight 

Stem and petioles 

114.4 

87.4 

117.1 

107.9 


1 kilogram of fresh weight of each of the three kinds of tissue examined. 
This implies the assumption that a kilogram of leaflet tissue collected from 
Bryophyllum plants in the early morning is, within reasonable limits, the 
equivalent of a kilogram of the same tissue collected later in the day. Be¬ 
cause $£?'biological variation, there can be no certainty that the successive 
lots of leaflets were identical in composition at the time the first sample was 
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collected; nevertheless, this is tacitly assumed to have been the case when 
the composition of such samples is compared and quantitative conclusions 
are drawn. 

The present method of collection of samples was chosen so that the con¬ 
clusions would be valid with respect to the concentration of components in 
the tissues of a single whole plant rather than with respect to leaves of a 
certain arbitrary age or size collected at random from different plants. 
The separate collection of the basal leaves permitted comparison of the 
behavior of old with that of younger tissue. 

Results 

The analytical data are presented as a function of time in the figures. 
Complete data for the leaflets of the larger plants are shown. The behavior 
of the smaller plants was essentially a duplicate of that of the larger plants 
with respect to the directions and even the slopes of many of the curves. 
In order to avoid unnecessary complication of the diagrams, only part of 
the data for the smaller plants is therefore presented. The behavior of 
the basal leaves also in general closely resembled that of the leaflets, but 
many of the changes were less extensive. 

Observations on the leaflets of the larger plants (marked L) are plotted 
as open circles connected by full lines, those on the basal leaves (marked BL) 
as open circles connected by broken lines. Data for the smaller plants are 
plotted as filled circles connected by full lines (marked Ls) for the leaflets 
and broken lines (marked BLs) for the basal leaves. 

Changes in acidity 

The top diagram of figure 1 shows the pH of extracts of the dried leaf 
tissue. Independent experiments showed that determinations of pH made 
on juice expressed from fresh tissue were identical with those made on ex¬ 
tracts from the same sample after it had been dried and, furthermore, that 
the pH of expressed juice is stable for at least 24 hours and is essentially 
unchanged even after the juice lias been boiled. Any differences observed 
were at most a few units in the second place of decimals of pH and could 
be neglected. This result is to be anticipated because of the strong buffer¬ 
ing action of isoeitrie and malic acids in the range of these observations. 

The basal leaves were initially at a somewhat higher pH than the leaf¬ 
lets in both the large and the small plants but, in all samples, pH rose 
steadily during the day and fell during the night. There was a small differ¬ 
ence in the magnitude of the change and in the slope of the curves for the 
basal leaves in the two sizes of plants but the curves for the two sets of 
leaflets were so nearly identical that only that for the large plants is shown. 
The magnitude of the change in the leaflets was of the order of 0.75 of a 
pH unit; thus the actual concentration of hydrogen ions in the plants in 
the early morning was about 5 times as great as that present in the afternoon. 
However, this does not mean that there was 5 times as much acid, although 
it indicates a substantial change. 
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Alkalinity of ash, shown in the middle diagram of figure 1, is expressed 
in milliequivalents and represents a titration of the inorganic carbonate and 
alkaline oxide present after all organic matter had been burned away. It 
is a quantity which would not be affected by changes in the organic acids 
unless these changes led to transport, of inorganic salts into or out of the 
leaves. In the present case, there was little evidence of such an effect save 
possibly in the observation at 24 hours for the basal leaves. 

Organic solids 

In attempting to interpret the analytical data of the present experiment, 
it must be held in mind that each point of observation represents the com¬ 
position of a separate plant. That the' plants in each set were not exactly 
the same in size or weight, in spite of careful selection based on a visual ap¬ 
praisal of their appearance, is evident from the data in table I. Neverthe¬ 
less, the plants were of the same age, had been grown under as nearly 
identical conditions as possible and were all members of the same cion. 
Irregularities less than about 10% that follow no consistent pattern in the 
curves are accordingly assumed to arise from such factors as biological 
variation or differences in hydration or both. Changes in the curves that 
do follow a consistent pattern and which are of a magnitude greater than 
10% are assumed to have arisen from actual changes in composition brought 
about by the conditions of illumination. All statements must therefore 
be regarded as being subject to these limitations. 

The curve for the organic solids of the leaves (fig. 1) furnishes a measure 
of the limits within which the four plants duplicate each other. The net 
accretion of organic solids from photosynthesis during the period of illumi¬ 
nation was manifestly too small to be demonstrated and was certainly far 
less than 10% so that change from this cause can be neglected. Loss of 
organic solids from respiration during the night also fails to show in the 
curves. The four values for organic solids of the leaflets of the large plants 
were 66.6, 64.2, 60.8, and 69.2 gm. per kilogram. The mean is 65.2 ±. 3.6, 
the deviation being ± 5.5% of the mean. Thus, the organic solids were 
constant well within the arbitrary limitation set. The leaflets of the smaller 
plants and the basal leaves of both sets were even less variable. Accord¬ 
ingly, the actual net changes in over-all organic composition as the result 
of photosynthesis, respiration, or other chemical change, or in degree of 
hydration of the tissue were of an order no greater than about 5%. 

The curve for concentration of organic solids in the leaflets of the smaller 
plants lies above that for the larger plants: the smaller plants evidently 
were somewhat less highly hydrated. The curves for the basal leaves of the 
two sets of plants are not shown since they were nearly identical with that 
for the leaflets of the larger plants. In general, then, it is eviddty that the 
composition of the leaves of the two sets was sufficiently constant tb justify®' 
the assumptions made. v 

The curves for organic solids likewise furnish evidence of constancy of 
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the hydration since the water content of the samples is the difference be¬ 
tween one kilogram and the sum of the organic solids and the ash. The 
curve for the ash content of the leaflets at the bottom of the figure is very 
nearly a horizontal straight line. Clearly, the variation in the hydration 
was within the limits adopted. 

Nitrogenous components 

No detailed examination of the nitrogenous components of the samples 
was attempted but the total nitrogen, protein nitrogen, and soluble nitrogen 
are shown in figure 2. Total nitrogen of the leaflets of the large plants 
dropped slightly during the day and the curve resembles that for organic 
solids in figure 1. The drop might therefore have been a result of a slight 
increase in hydration rather than an indication of the presence of a smaller 
actual concentration of nitrogen in the leaflets of the plant collected in the 
afternoon. Total nitrogen of the basal leaves also dropped but there was 
no recovery during the following night. The deviation was 4.1 ( /c of the 
mean value for the leaflets of the larger plants and 6.3/c for the basal leaves. 

The total nitrogen of the leaflets of the smaller plants is also shown. 
Comparison of these curves with those for organic solids (fig. 1) shows that 
the variations in nitrogen and in organic solids ran parallel with each other, 
a further indication that the small irregularities arise chiefly from moderate 
differences in hydration. 

The protein nitrogen of the leaflets underwent a change that was, how¬ 
ever, much too large to be attributed to such an effect. During the morn¬ 
ing and early afternoon, there was a decrease that amounted to about one- 
third of the protein present in the early morning, but restoration occurred 
during the night. The curve for soluble nitrogen showed a rise during the 
day and a fall at night that was symmetrical both in position and magnitude 
with the change in protein. The increase in the soluble nitrogen amounted 
to about 70S' of the early morning value. Similar changes were observed 
in the leaflets of the smaller plants (not plotted). The behavior is consis¬ 
tent with the view that, in the younger leaves, a substantial part of the pro¬ 
tein underwent conversion to soluble products 2 during the day but was re¬ 
synthesized during the night. No similar behavior was observed in the 
basal leaves of the larger plants although there was a detectable rise in the 
soluble nitrogen and fall in the protein nitrogen of the basal leaves of the 
smaller plants. That the change in the quantity of soluble nitrogen, and, 
accordingly, also of the protein, was not a result of the change in pH of the 
tissues can be inferred from these observations on the basal leaves. Further¬ 
more, separate experiments in which the nitrogen extracted was determined 
after adjustment of the pH of a typical sample of dry leaf to various points 
within the range of the present experiment likewise showed no effect of pH 
on the solubility. 

* That is, to products that are soluble when the dried tissue is exhaustively extracted 
with hot 70% alcohol and subsequently with hot water in preparation for the determina¬ 
tion of protein nitrogen in the residue. 
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Wolf (14), who studied the nitrogen metabolism of crassulacean plants 
in 1931, did not encounter significant changes in the protein nitrogen of 




Figs. 1 to 4. Composition of leaves of Bryophyllum calyeinvm as influenced by 
light and darkness over a period of 24 hours. Data expressed in terms of 1 kilogram of 
fresh weight of tissue. The symbol L refers to leaflets of large plants, Ls to leaflets of 
small plants, BL to basal leaves of large plants, and BLs to basal leaves of small plants. 

the leaver The fact that the basal leaves did not exhibit such changes in 
the prebent experiment suggests that the material he studied may have been 
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too old for easily detectable alterations in the concentration of the protein to 
occur. He described his material as “mittelalte Blatter 

Total organic acids 

Figure 3 shows the changes in total organic acids, the data from both 
large and small plants being given. The leaflets lost about one-third of the 
quantity of acid present at daybreak but this had been completely restored 
by the following morning. The change in the basal leaves was smaller; the 
concentration of acids in these was lower to begin with and the loss was only 
from one-fifth to one-quarter of the amount present in the early morning. 
Furthermore, for reasons that are not readily apparent, restoration during 
the night was less complete. Nevertheless, the classical phenomenon of 
diurnal variation in acidity is clearly evident in the leaves of both sets of 
plants. The behavior of the basal leaves is similar to that noted by Wolf 
for old leaves of the same species. 

Carbohydrates 

Before going into the details of the changes in acid composition of these 
leaves, the data for starch and soluble carbohydrates (fig. 4) should be 
considered. Starch underwent a change in concentration in the leaflets 
reciprocal to that of the total organic acids reaching its maximum late in 
the afternoon and diminishing during the night. The magnitude of the 
change was less than that of the change in the acids; the concentration of 
starch (calculated as glucose) increased by about 6 gm. during the day, 
the parallel loss in organic acids being nearly 11 gm. During the night, 
the concentration of starch diminished by about 6.7 gm. while that of acid 
increased by about 10 gm. In the basal leaves, the loss of acid during the 
day was about 5.5 gm. and the gain of starch about 2.4 gm. as the average 
of the two sets of plants, but the gain in acids during the night was only 
about 2 gm. while the loss in starch was 3.7 gm. Clearly, the figures for 
loss and gain are in no case equal but they are nevertheless similar to the 
extent that a large change in the concentration of the acid is associated 
with a large change in starch. 

It must be remembered, however, that the quantities mentioned are 
concentrations. Reference to table I, which gives quantities per plant, 
shows that the number of grams of starch laid down in the leaves during 
the day was far less than the quantity of organic acids that disappeared. 
On the other hand, the loss of starch during the night and the gain of or¬ 
ganic acids were nearly equal. Thus, although it is possible that the acids 
synthesized during the night may have originated from the metabolism of 
starch, the reverse of this reaction in daylight could account for only a part of 
the acids that disappeared and the fate of the balance is by no means clear 
from the present evidence. 

Total soluble carbohydrates (lower part of fig. 4), unlike starch, showed 
no clearly evident reciprocal relationship with acid content. Although 



368 


PLANT PHYSIOLOGY 


there was an increase during the day and a decrease at night, the quantities 
involved were small and the behavior of the large plants differed in detail 
from that of the small plants. Whether or not the small increases during 
the day are the result of photosynthesis cannot be demonstrated since there 
was no significant change in the organic solids. The small decreases at 
night were associated with a large decrease in starch; thus if starch was 
converted into a soluble carbohydrate (glucose) as its primary decomposi¬ 
tion product, this substance did not accumulate. The velocity of the re¬ 
actions whereby soluble carbohydrates were transformed into other sub¬ 
stances must therefore have exceeded the velocity of the decomposition of 
the starch. 

Individual organic acids 

Details of the changes in concentration of the organic acids are shown in 
figure 5. The outstanding change occurred with malic acid; this dropped 
from about 16.5 gm. per kilogram of fresh tissue at daybreak to about 6.7 gm. 
at 4 in the afternoon but had been restored to about 15.5 gm. by the follow¬ 
ing morning. The curve for the leaflets of the larger plants only is plotted ; 
that for the smaller plants was identical within a few tenths of a gram at 
all points. 

Diurnal variation in acid content of crassulacean plants has from the 
time of Mayer been held to arise from changes in the content of malic acid 
but the evidence has, for the most part, consisted in determinations of the 
titratable acid as a measure of the magnitude together with the isolation of 
malic acid from enriched specimens as proof of the nature of the dominant 
acid. 3 The present data rest upon determinations of malic acid by a specific 
method and are not open to doubt regarding the identity of the acid that 
underwent change in concentration. Krebs and Eggleston (7) have also 
demonstrated diurnal variation of malic, citric, and isocitric acids in Bryo- 
phyllum leaves by specific analytical methods, and found that alterations 
in malic acid accounted for 83'/ of the total change. However, their ob¬ 
servation was based on a single brief experiment carried out in the course 
of the development of an enzymatic method to determine isocitric acid. 

Isocitric acid increased in concentration in the leaflets of the larger 
plants by about 1.5 gm. during the first 6 hours, diminished slightly during 
the afternoon and remained constant during the night. In the smaller 
plants, the level of isocitric acid was higher at the start and remained con¬ 
stant during the morning, dropped moderately during the afternoon and 
remained essentially constant during the night. Isocitric acid in the 
younger leaf tissue therefore played a subordinate part in the changes in 
acidity; no clear pattern of change is manifested. 

In the older basal leaves, malic acid underwent alterations that were 
similar to hut less extensive than those in the leaflets. Only one set of 
data i%$lotted, the differences between the two sets being minor; both showed 
a substantial loss of malic acid during the day with recovery during the 

> See, for example, Wolf (14) who isolated and identified malic acid as its silver salt. 
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night. Isocitric acid was somewhat higher in the basal leaves of the larger 
plants than in the leaflets at the start but diminished after 6 hours to the 
same point and thereafter remained nearly constant. The curve is not 
plotted because throughout most of its course it is indistinguishable from 
that for the leaflets. 

Although citric acid makes up only a minor part of the total acids of 
Bryophyllum leaves, it shares in the progressive metabolic changes in acidity 
to a small extent. The data are shown in the lower part of figure '5. In the 
leaflets, citric acid dropped in concentration during the day by about 0.5 
gm. or, roughly, one-fifth of the quantity present at dawn, and increased 
during the following night to a level appreciably higher than that initially 
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Figs. 5 mid 6. CompoHition of leaves of Bryophyllum calycinum as influenced by light 
and darkness over a period of 24 hours. Data expressed in terras of 1 kilogram of fresh 
weight of tissue. The symbols have the same significance as in figures 1 to 4. 


present. The leaflets of the smaller plants behaved in the same way. In the 
basal leaves, the changes were smaller and were probably scarcely significant 
although a pattern of change similar to that in the leaflets was evident. 

That citric acid, like malic acid, normally undergoes diurnal variation in 
Bryophyllum leaves was first demonstrated by Guthrie (5) although the 
relative importance of the change in the concentration of citric acid in the 
present material seems to have been rather less than it was in the leaves 
studied by that investigator. However, the observation has been confirmed 
by Wolf (17) as well as by Borgstrom (2) and by Krebs and Eggleston 
(7), and the present data furnish further evidence. Nevertheless, the rela¬ 
tive order of magnitude of the diurnal variation of citric acid seems always 
to be much smaller than that of malic acid. 
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Oxalic acid makes up a minute proportion of the total organic acids of 
Bryophyllum leaves and the curve for the leaflets (fig. 5) is indistinguish¬ 
able from the base line. Although there appear to have been slight changes 
in the concentration and these followed the fall and rise in malic and citric 
acids, the quantities involved were far too small to suggest that this sub¬ 
stance undergoes diurnal variation in concentration. A similar statement 
is true for oxalic acid in the basal leaves. 

Soluble carbohydrate 

Details of the changes in soluble carbohydrates are shown in figure 6 
which is plotted on a scale five times that of figure 4. The data do not 
follow a clear-cut pattern although glucose rose slightly in the leaflets dur¬ 
ing the day and fell at night. Sedoheptose scarcely changed in concentra¬ 
tion in the leaflets during the day but fell at night. In the basal leaves, 
glucose fell during the first 6 hours, then rose rather sharply during the 
afternoon and fell during the night. Sedoheptose, however, rose signifi¬ 
cantly during the day and fell during the night. The data for sucrose 
show that only minor variation of the small quantity present occurred. 

The behavior of soluble carbohydrates in the smaller plants during the 
day was not exactly like that of the larger plants. None of the data have 
been plotted in order to avoid unnecessary complexity of the figure. On the 
whole, the only point on which most of the results agree is that there was a 
fall during the night. 

Glucose is doubtless the monosaccharide in immediate equilibrium with 
starch but the velocities of the reactions in which this sugar was involved 
were such that only moderate alterations in the quantity present occurred 
notwithstanding the large changes in the concentration of starch. The 
metabolic relationships of the other soluble carbohydrates are by no means 
clear but, in view of the probable reactivity of these substances, irregulari¬ 
ties of the type observed in the curves are all that could be expected. Truly 
significant results could be secured only if analyses were made of samples 
that represented large numbers of plants. Nevertheless, it may be noted 
that sedoheptose in the basal leaves behaved in essentially the manner ob¬ 
served by Bennet-Clark. 

Stem tissue 

Analytical data for the stem tissue are included to illustrate the con¬ 
trast in behavior with that of the leaves. Figure 7 shows that the pH 
underwent diurnal variation but the initial point at pH 4.7 is appreciably 
less acid than the minimal acidity attained by the leaves in the afternoon. 
Not only is stem tissue considerably less strongly acid than leaves but the 
range through which change took place was smaller. The alkalinity of 
the ash was essentially constant save for the observation at noon; it is doubt¬ 
ful that the small increase at that time has significance. 

Organic solids and ash were both satisfactorily constant for the four 
plants as was total nitrogen. The nitrogen content of the stem was appreci- 
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ably greater than that of the leaf but almost half of it was nitrate nitrogen. 
Of the balance, about equal parts consisted of proteid nitrogen and soluble 
nitrogen other than nitrate. In this plant, unlike tobacco, nitrate nitrogen 
is apparently accumulated in the stem; only small amounts were present in 
the leaf (fig. 2). 

Figure 8 shows the behavior of organic acids and carbohydrates. Total 
organic acids of the larger plants diminished slightly during the day and 



Figs. 7 and 8. Composition of stems of Bryophyllum calycinum as influenced by light 
and darkness over a period of 24 hours. Data expressed in terms of 1 kilogram of fresh 
weight of tissue. The symbol S refers to stems of large plants; Ss to stems of small plants. 

increased to nearly the initial level at night but the relative magnitude of 
the change was too small to make it certain that this is an example of true 
diurnal variation. In the smaller plants, there was indeed a drop during 
the morning, but a high value for “isocitrie acid” 4 in the sample collected in 
the afternoon suggests that increase in this component may have occurred. 

4 Although isocitrie acid has recently been identified in the stem tissue of Bryophyl¬ 
lum in this laboratory, the component designated 4 i isocitrie acid ’ ’ in this tissue is deter¬ 
mined by subtracting the sum of the malic, citric, and oxalic acids from the total organic 
acids. Accordingly the presence of still other acids is not excluded. See (9) for a dis¬ 
cussion of this point. 
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The data for malic acid in both large and small plants show no clear evi¬ 
dence of change and it may be concluded that, at least as far as the present 
experiment is concerned, the stem tissue of Bryophyllum plants does not 
undergo significant diurnal variation in malic acid. Citric acid also re¬ 
mained constant. 

On the other hand, there were variations in the carbohydrates that were 
obviously significant. Starch increased markedly in the stems of both sets 
of plants during the day, in fact by 30 r /i or more of the early morning value, 
and fell well below the initial value during the night. Much of the loss at 
night can be satisfactorily accounted for by the increase in glucose although 
the accumulation of starch during the day took place during a period when 
glucose remained nearly constant, a possible evidence of transport from the 
leaves. Both sucrose and unfermentable carbohydrate (not plotted) were 
low initially and changed very little so that the major changes consisted 
essentially of alterations in the relative concentration of starch and of 
glucose. There is no indication from these curves of substantial disappear¬ 
ance of carbohydrate components from the stem tissue during the night as 
was the case in the leaves and, accordingly, the data for the carbohydrates 
are in essential agreement with the conclusion already drawn; namely, that 
there is no convincing evidence for the presence of the crassulaccan type 
of metabolism in the stem tissue of the Bryophyllum plant. 

There remains to be explained, however, the systematic change in the 
pH. This followed a pattern entirely consistent with the view that stem 
tissue shares to a moderate extent in the diurnal change in acidity of the 
leaf tissue in spite of the fact that the acids in the stem did not change de- 
tectably in concentration. However, change in pH can equally well be 
accounted for in terms of alteration in the acid-base relationships. In 
view of the failure of the alkalinity of the ash to conform with the change 
in pH, this alteration could scarcely arise from changes in the relationships 
with inorganic components. Accordingly, in the absence of evidence, it 
may be assumed that the change in pH is the result of a temporary increase 
in organic base during the period of illumination followed by a decrease 
at night. 

Discussion 

The present data confirm and in certain details extend previous informa¬ 
tion on the diurnal behavior of Bryophyllum calycinum. As has long been 
held, variation in acidity can be largely accounted for in terms of progres¬ 
sive alterations in the concentration of malic acid in the leaf tissue, and 
citric acid shares to a moderate extent in these changes. Isocitric acid, al¬ 
though it is the second most important component of the leaves collected in 
the early morning and the predominant acid in leaves collected in the after¬ 
noon, did not, in the present experiment, undergo parallel systematic 
changes in concentration; if followed, rather, an irregular course. 

There is every reason to assume that soluble carbohydrates are con¬ 
cerned in the reactions that take place, but the observed changes in concen- 
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tration of these components were minor ones; as has been pointed out by 
Wolf, it is starch which increases markedly when the acids diminish and 
which decreases when the acids are resynthesized. Nevertheless, on chemi¬ 
cal grounds, it is necessary to assume that the soluble carbohydrates, espe¬ 
cially glucose, behave as intermediates in the series of chemical reactions so 
that the accumulation or diminution of the soluble carbohydrates is a func¬ 
tion of the relative velocities of these intermediate reactions. Clear demon¬ 
strations only of the accumulation or diminution of the respeetive end- 
products can be obtained. 

Present day views on the metabolism of carbohydrates in living tissues, 
especially in the animal tissues that have been chiefly studied, suggest that 
carbohydrates are linked with organic acids by means of a series of en¬ 
zymatic reactions most of which are reversible equilibria. Respiration in 
pigeon breast muscle as well as in many other tissues is specifically accounted 
for in terms of the Krebs tricarboxylic acid cycle and the tendency today 
is to invoke this fundamental scheme for the oxidation of carbohydrates in 
explaining many other biochemical phenomena. Chibnall (4) suggested 
in 1939, shortly after the scheme was originally proposed, that respiration 
in plant tissues may well be accounted for along similar lines, and the cycle 
has also served in speculative attempts to deal with some of the phenomena 
of amide metabolism in plants (13). 

Crassulacean metabolism is clearly a further case upon which light may 
be shed by the Krebs tricarboxylic acid cycle. Even in the absence of 
specific information on the enzyme systems present in Bryophyllum leaves, 
it is obvious that the transformation of starch to organic acids at night 
involves oxidative reactions and there is a possibility that these reactions 
undergo at least partial reversal when the leaves are illuminated. 

The diurnal variation in the concentration of protein in Bryophyllum 
leaves and the reciprocal relationship between protein and the concentration 
of the soluble nitrogen introduces into the general problem a new factor 
that may possibly be of great significance. Diurnal variation in leaf pro¬ 
tein seems rarely to have been studied. Those investigators who have 
examined the nitrogenous composition of leaves throughout a single day 
appear to have restricted their analytical examinations for the most part 
to the total nitrogen. Chibnall (3). however, studied the protein content 
of runner bean leaves collected at nightfall and in the early morning and 
demonstrated that there was a fall in protein during this period of 1.8'? of 
the evening value, and a parallel fall of 9'? in non-protein nitrogen and of 
2.5'/? in total nitrogen. These results were interpreted in terms of trans¬ 
location of protein digestion products away from the leaf during the night. 
The change is that to be anticipated in a rapidly growing plant. 

The behavior of the protein of Bryophyllum leaves appears to be some¬ 
thing entirely different. The data, like those of Chibnall, are expressed in 
terms of concentration in the fresh weight of the tissue but they refer to 
the whole of the leaflets (i.e., the younger leaves) of a single plant rather 
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than to the relative composition of opposite members of pairs of leaflets one 
of which was collected at night, the other in the morning. The phenomenon 
is a major one; it is not a measure of the small quantity of nitrogen con¬ 
tributed by the leaves in elaborated form to the stem and roots in order to 
care for their requirements for growth. It concerns changes in the relative 
concentrations of protein and soluble nitrogen within the leaflets themselves 
during a period of 24 hours, these changes consisting of transformation into 
a soluble form (under the conditions of the analysis) of about one-third of 
the leaf protein during the day followed by the reverse transformation dur¬ 
ing the night. The correlation in periodicity of this phenomenon with the 
diurnal variation in the organic acids and the starch inevitably raises the 
questioii of a possible connection between them. Unfortunately, too little 
is known about the metabolism of the proteins of plant leaves in general to 
warrant positive statements. It seems unlikely that diurnal variation of 
this order of magnitude should have escaped observation hitherto if it is 
a common phenomenon. That this behavior should occur only in Bryo- 
phyllum is equally unlikely; it should certainly be looked for in other cras- 
sulacean plants. However, it may be pointed out that the energy require¬ 
ments of the several over-all reactions are consistent with each other. Pro¬ 
tein synthesis takes place during the night when starch decomposition and 
oxidation of the monosaccharides to organic acids may be supposed to supply 
the necessary energy; protein decomposition takes place during the period 
when a supply of energy is available from outside for the synthesis of starch 
and the transformation of the organic acids presumably in part to carbo¬ 
hydrates. The relationships among the numerous equilibria involved are 
manifestly extremely complex; that displacements in one direction or the 
other should occur is not surprising but attempts to assign a reason for such 
displacements are at present premature. 

Summary 

The leaves were picked from Bryophyllum calycinum plants successively 
before daybreak, at noon, and at sunset, and again the following morning 
before daybreak. The large simple basal leaves and the leaflets of the upper 
compound leaves were kept separate. The stem with attached petioles was 
likewise harvested. Each sample was dried at 80° immediately after col¬ 
lection and determinations were made of organic and inorganic solids. pH, 
protein, soluble nitrogen, nitrate nitrogen, and of the individual organic 
acids and carbohydrates. The data were computed in terms of concentra¬ 
tion per kilogram of fresh tissue weighed at the time of collection. 

The classical phenomena of decrease in organic acids during the day and 
increase at night Were observed and the change was found to arise largely 
from alterations in the concentration of malic acid although citric acid 
shared Ip a moderate extent. Isocitrie acid did not change in concentration 
in a similar regular progressive manner. Only a trace of oxalic acid was 
p resen t and no significant change was detected. 
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Starch was synthesized during the day and the quantity that disap¬ 
peared at night was closely similar to the increase in the quantity of organic 
acids. Soluble carbohydrates, especially glucose and sedoheptose, varied 
between moderate limits, the behavior of glucose being consistent with the 
view that it is an intermediate in the reactions whereby starch was pre¬ 
sumably converted to organic acids at night. 

The protein of the leaflets underwent an extensive transformation 
during the day to products that were determined as soluble organic nitro¬ 
gen; this reaction was reversed during the night. 

The behavior of the stem tissue was different from that of the leaves in 
that only small changes of most of the components occurred. Although 
there was a moderate progressive change in pH similar to that in the leaves, 
there was no significant change in malic acid. The concentration of starch 
decreased substantially at night but there was a simultaneous increase in 
glucose so that the net change was small. It was concluded that the stem 
tissue of Bryophyllum calycinum does not display the classical phenomena 
of crassulaccan metabolism to a significant extent. 

Although s|>eeifie interpretation of the reactions is impossible in the 
absence of information on the enzyme systems present in the leaves of this 
plant, it is probable that the disappearance of starch at night coupled with 
the increase of malic and. to a lesser degree, of citric acid are the result of 
oxidation of carbohydrates by mechanisms allied to those of the Krebs tri- 
carlmxylic acid cycle. To what extent the synthesis of starch and the dis¬ 
appearance of organic acids during the day may represent a reversal of 
the reactions that occur at night is not evident from the present data. 
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The recent introduction of the use of synthetic growth regulating sub¬ 
stances as herbicides is giving new stimulus to weed control activities. 
Because such substances are effective in low concentrations, killing plants 
through direct effects within the plant system and not seriously damaging 
the soil, they are especially desirable herbicides. The compound 2,4-di- 
ehlorophenoxyacetie acid (2,4-D) is the most widely used growth substance 
for weed killing purposes at the present time, and it has been shown by 
several workers (6, 13, 14, 20) to have selective action, killing most broad 
leaf species, while grass species are more or less resistant. 

Plants which are susceptible to the action of 2,4-D show various morpho¬ 
logical and histological responses (7, 23, 25) suggesting that physiological 
reactions of the cells are affected. Further evidence of effects on the physio¬ 
logical activity of the plant is indicated by the decrease in the dry weight 
of treated plants (5, 16, 21) which suggests the depletion of food reserves 
and possibly an increase in the respiration rate. A temporary increase 
followed by a decrease in the sugar content has been noted in annual morn¬ 
ing glory 1 1 pound lacumosa (16) | and in bindweed [Convolvulus arvensis 
(12) | as a result of 2.4-1) applications. A similar response occurred in 
bean leaves (17i treated with aipha-naphthalcncacetic acid. The reserve 
carbohydrates of plants are rapidly depleted after treatment with 2,4-D 
(16, 21, 25) and the same effect may lie caused by applications of other 
growth substances (1, 15, 17,18, 22). Increased respiration has been shown 
also to follow applications of 2.4-1) (5, 21) or indoleacetie acid (19). but 
none of these responses has been satisfactorily established as a direct cause 
of the death of treated plauts. 

The common dandelion (Turasacum officinale) is readily killed by 2.4-D, 
and has been used in this study in an attempt to determine the physiological 
reactions involved in the herbicidal action of the compound. 

General methods 

Varying spray treatments with 2,4-D preparations were applied to heavy 
stands of dandelion plants in bluegrass lawns. One series of tests was run 
in August and September of 1945 and duplicated in June and July of 
1946. Pour treatments consisting of control and light (120 ppm.), medium 

> Journal paper no. J-967 of the Iowa Agricultural Experiment Station, Ames, Iowa, 
Project 944. 
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(480 ppm.) and heavy (1920 ppm.) applications of 2,4-D in Weedone were 
made in randomised blocks with 4 or 5 replications. The light applications 
killed 10 to 15% of the dandelion plants; the medium and heavy treatments 
were about equal with kills of 90 to 100%. 

Root samples were taken at the time of treatment and 5, 10, 15, 20, and 
25 days afterward. A stratified method of sampling was used in which each 
plot was divided into four sections, each containing six sampling positions. 
At each sampling date roots were dug from one randomly designated posi¬ 
tion in each section within a plot and composited to make up the plot sample 
of at least 50 grams. Roots that were dead or that showed appreciable 
decomposition were not used. The samples were protected from drying and 
then taken to the laboratory, washed, and quickly killed in boiling 80% 
alcohol. 

Two other blocks of plots were used; one in the summer of 1946 for 
additional studies of the effect of 2,4-D on root respiration, and one in the 
fall to compare the actions of kerosene and sodium chlorate with 2,4-D. 
Randomization and sampling procedures were the same as in the main 
experiments. 

Extraction of sugars and non-protein nitrogen in the samples for chemi¬ 
cal analyses was completed with 80% alcohol. Methods given by Loomis 
and Shull (12) were followed in clearing the sugar solutions with neutral 
lead acetate and estimating sugars by the Munson-Walker-Bertrand method. 
Sucrose was hydrolyzed with invertase. Dextrin and levulins were ex¬ 
tracted with hot water and estimated by the method given by Loomis and 
Shull (12) with correction for levulose lost in dextrin hydrolysis. Starch 
was not present, and hemicellulose determinations were not made. Total 
nitrogen in the alcohol extract, by the reduced iron method, is reported as 
alcohol-soluble or non-protein nitrogen, and that of the residue as protein 
nitrogen. 

Respiration measurements were made by sealing 50-gm. samples of roots 
in special mercury-sealed, one-liter flasks developed in this laboratory, and 
analyzing sample^ of gas from the flask after 15 to 16 hours. Volumes were 
corrected to s.t.p. and calculated as milliliters C0 2 produced per kilogram 
dry root substance per hour. 

The effect of 2,4-D on the chemical composition of dandelion roots 

Methods 

The changing composition of dandelion roots as influenced by 2,4-D 
applications at three concentrations was determined over a period of twenty- 
five day^ after treatment. None of the roots showed signs of splitting as a 
result of any increased growth which might have occurred. The root popu¬ 
lations of the plots under the medium and heavy treatments were noticeably 
reduce^ because many plants were completely killed by the time of the last 
two samplings. Consequently, the samples on which composition studies 
were made consisted only of those roots which had resisted the action of the 



RASMUS8EN: 2,4-D ACTION ON TARAXACUM 


379 


treatment enough to be still present. When the twenty- and twenty-five-day 
samples were taken, most of the top growth appeared dead under the medium 
treatment and only a slight trace of life in the tops was found under the 
heavy treatment, however, some of these plants which appeared to be dead, 
even down into the crown, still had ibots which appeared normal after the 
crown was removed. 

The results of the two main experiments, run in 1945 and 1946. were 
very similar; we have, therefore, conserved space by showing data only for 
the latter season. 

Results 

Reducing sugars. —Reducing sugars are formed by plants during photo¬ 
synthesis or by digestion of reserves, and are utilized in respiration or as 
building materials in the synthesis of protoplasm, cell walLs, and storage 
forms. Any change, therefore, in the quantity of these sugars present as 
a result of 2,4-D application indicates the possible reactions that are being 
affected. The reducing sugars present in 100 gm. of fresh dandelion roots 
from the 1946 tests are shown in figure 1 as percentages of the fresh weight. 

The percentage of reducing sugars in the roots before treatment was 
slightly higher in 1945 than in 1946, and the reductions shown in figure 1 
at 20 days started at 10 or 15 days. In both seasons treatments with 2,4-D 
caused an early rapid increase in reducing sugars followed by a decrease. 
A large increase in the reducing sugar content of roots suggests an acceler¬ 
ated hydrolysis of the polysaccharide reserves. The later decline might 
result either from a slowing down of the hydrolytic action or an exhaustion 
of the reserve carbohydrates. 

Sucrose.— The sucrose content of the 1946 roots and the changes result¬ 
ing from the treatments are plotted as percentages of the fresh weights in 
figure 2. The initial sucrose content of the roots was about V/ higher in 
the 1946 samples taken in early summer than in the late summer samples 
of 1945. In both tests the 2,4-D applications caused a slight decrease in 
sucrose while the controls were showing an increase. 

Polysaccharides. —The polysaccharide reserves of dandelion roots are 
mainly a mixture of dextrins and levulins, as shown by Loomis (11) and 
verified by tests of our material. Dextrins constituted 2 to 3$ and levulins 
6 to 10'/ of the fresh weight of the freshly dug, untreated roots; both frac¬ 
tions being somewhat higher in 1946 than in 1945. Dextrin percentages 
dropped to about half of the control values with medium and heavy 2,4-D 
treatments. Percentage losses of levulins were comparable, with total losses 
correspondingly greater. The 1946 data for levulins are plotted in figure 3. 
The light treatment, which killed only a small percentage of the plants, gave 
the smallest levulin and dextrin losses, but considerable quantities of poly¬ 
saccharide reserves were left in the heavier treatments which gave 90 to 
100% kills. Disintegration of the dead roots was so rapid that it was not 
possible to obtain samples at what might be considered the death point. 
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Fig. 1. (Above) Percentages of reducing sugars in control and treated dandelion 
roots—fresh weight basis. 

Fig. 2t (Below) Percentages of sucrose in control and treated dandelion roots— 
fresh weight basis. 
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Plants were dying rapidly in 15 days, however, and by 25 days it was diffi¬ 
cult to find enough roots for samples. It seems to De a fair assumption, 
therefore, that the roots died before their reserves were exhausted. This 
conclusion is supported by the data for total reserves (sucrose, dextrins, 
and levulins) shown in figure 4. 



Fig. 3. Percentages of levulin in control and treated dandelion roots—fresh weight 
basis. 

The decrease in reserve carbohydrates was very much more than enough 
to account for the increase in hexose sugars, which suggests that a large 
amount of the sugars resulting from the hydrolysis of reserve foods was 
either used up in respiration or in the synthesis of non-carbohydrate mate¬ 
rials or both. 

Nitrogen analyses. —The nitrogen content of plant parts gives an indi¬ 
cation of the physiological reactions that are taking place. A high soluble 
nitrogen content indicates synthesis or hydrolysis and may stimulate new 
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growth. The protein-nitrogen content indicates whether protoplasm is 
being synthesized or destroyed. 

Nitrogen soluble in 80% alcohol (non-protein N) was less than 0.03% 



Fig. 4. Percentage reserve carbohydrates in control and treated dandelion roots— 
fresh weight basis. 

in June of 1946 and up as high as 0.08% in August of 1945, with an upward 
trend in the controls of both series. The effect of 2,4-D treatments (fig. 5) 
was to raise these percentages by 2 to 5 times, with the heavy treatment 
tending to show,the least effect and the light treatment the most. If soluble 
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nitrogen is considered to be stimulating for cell division (10), these results 
suggest that the lighter treatments should have been more stimulating, while 
the heavier were showing direct toxicity. 

The protein nitrogen also showed a tendency to increase during the 
period of each test, although the light and heavy treaments of 2,4-D did not 
cause much deviation from the controls. The medium treatment caused the 
greatest change, showing an accelerated increase which reached a maximum 
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DAYS AFTER TREATMENT 

Fig. 5. Percentage total soluble nitrogen in control and treated dandelion roots— 
fresh weight basis. 


fifteen days after treatment. The increase in both protein nitrogen and 
soluble nitrogen suggests an increased rate of absorption of nitrogen com¬ 
pounds from the soil and the synthesis of amino acids and proteins. It is 
possible that the increased protein nitrogen was merely an indication of the 
depletion of the carbohydrate reserves, but the expression of the results on 
a fresh weight basis would reduce this error, and the small increases in the 
heavy treatment, which gave the largest carbohydrate losses, suggest that it 
was not a factor. 
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The effect of 2,4-D on the respiration of dandelion roots 

The rate of respiration in plant tissue is a measure of reaction intensity, 
and it is affected by both internal and external factors. The application of 
toxic substances to plants often stimulates an increase, usually followed by 
a decrease, in respiration while the normal response to a small quantity of 
growth substance is an increase in respiration which continues at a high 
rate as long as the reactions are possible ( 4 , 24 ). 

The rate of respiration of root samples from the 1946 test, on which 
chemical composition studies were also made, are shown in figure 6. The 
treatment with 2,4-D caused an early, rapid increase, with the medium treat- 



Fig. 6. Rates of respiration in dandelion roots. 

ment producing the greatest response, which continued throughout the 
period of the test. The percentage increases for the plants receiving the 
medium treatment were 92, 75, 83, and 66 at 10,15, 20, and 25 days, respec¬ 
tively, after treatment. This increased respiration rate with the medium 
treatment was concurrent with the increased reducing sugar content (fig. 1), 
and suggests the possibility of the high sugar content causing the accelerated 
rate of respiration. The heavy treatment of 2,4-D, however, indicates that 
the effects on sugars and respiration are two separate processes, as this treat¬ 
ment increased the siigar content considerably throughout the test periods, 
but increased respiration only slightly for the first 15 days, after which it 
decrease^* even though the sugar content was high. 

The itosults between 5 and 15 days would fit well an hypothesis of a toxic 
action df 2,4-D* with an increasing stimulation of respiration from light to 
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medium treatments and a drop with the excess,, heavy treatment. The 
20-day lows for light and heavy applications would then represent, respec¬ 
tively, the wearing off of the light effect and progressive destruction of proto¬ 
plasm and enzymes with the heavy treatment. If this hypothesis is accepted 
it should be noted that the stimulating effect of the medium treatment on 
respiration continued until near the death of the roots. A second series of 
experiments with the medium treatment only showed this same effect; respi¬ 
ration was doubled within 10 days after treatment and remained high until 
the death of the plants. If these reactions are indicators of direct proto¬ 
plasmic toxicity, as we believe they are, they indicate an action on some part 
of the cell not directly concerned with respiration. 

The comparative action of 2,4-D and other herbicides 

Methods 

An experiment was run to compare the effects of 2,4-D, 960 ppm., with 
kerosene, 200 gal. an acre and sodium chlorate, 475 pounds an acre, when 
applied in the fall of the year. Kerosene was used because it has been shown 
by Loomis (11) to have selective herbicidal action in killing dandelions in 
lawns. Sodium chlorate is a commonly used herbicide which has been shown 
by Bakke, Gaessler, and Loomis (2) to cause a depletion of the food re¬ 
serves in bindweed. 

The chemical determinations reported for the fall experiments were 
made on samples taken 4 and 14 days after application of the treatments. 
The data for the two determinations are shown in table I. The data of the 
14-day analyses were analyzed statistically, and the mean significant dif¬ 
ference was calculated for comparing the values for the 2,4-D treatment with 
the others. 

TABLE I 

Carbohydrate analyses of dandelion roots taken 4 and 14 days after treatment. 
Means of three replicates expressed as milligrams per 100 gr\ms of fresh roots 


Treatment 

Reducing 

sugar 

Sucrose 

Dextrin 

Levulin 

4 DATS 

14 

DAYS* 

4 DAYS 

14 

DAYSt 

4 DAYS 


4 DAYS 

14 

DAYS§ 

Control 

302 

140 

2733 

2688 

2060 

2598 

6833 

7916 

Kerosene 

970 

1467 

1743 

2432 

1888 

1305 

6432 

3676 

Sodium chlorate 

152 

457 

1382 

1767 

2225 

1912 

7991 

5834 

2,4-D 

323 

410 

1621 

1662 

1768 

1270 

5885 

3564 


* Significant mean difference from 2,4-D 410 ± 286. 
t Significant mean difference from 2,4-D 1662 + 532. 

$ Significant mean difference from 2,4-D 1270 + 571. 
j Significant mean difference from 2,4-D 3564 + 1759. 

Results 

Carbohydrates. —Kerosene caused an increase in reducing sugar to a 
percentage significantly higher than that for 2,4-D. The 2,4-D treatment in' 
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this fall test did not cause a significant increase in reducing sugar over the 
untreated controls, differing in this respect from the large increases caused 
in the summer tests. 

. At 4 days after treatment the sucrose content was significantly lower in 
the roots from treated plots compared with control, but there was no differ¬ 
ence among the three herbicides, At 14 days, however, 2,4-D and sodium 
chlorate-treated roots were still lower in sucrose than the control, but the 
sucrose had increased under the kerosene treatment to a level significantly 
higher than the other two herbicides, and equal to the control (table I). 

Four days after treatment there were no significant effects on the dextrin 
content of the roots. At 14 days the dextrin content in the roots from plots 
treated with the herbicides was significantly lower than in the controls. . The 
dextrin content of the 2,4-D-treated roots was lower than the sodium 
chlorate-treated roots; kerosene and 2,4-D caused comparable changes in 
the dextrin content. 


TABLE II 

Nitrogen analyses or dandelion roots taken 4 and 14 days after treatment. 
Data are milligrams per 100 grams of fresh roots 


Treatment 

Soluble nitrogen 

Protein nitrogen 

4 DAYS 


4 DAYS 

14 DAYSt 

Control . 

171 

207 

171 

173 

Kerosene. 

143 

189 

196 

222 

Sodium chlorate . 

216 

197 

193 

200 

2,4-D . 

134 

100 

184 

398 


* Significant mean difference from 2,4-D 100 ± 68. 
t Significant mean difference from 2,4-D 198 + 11. 


There were no significant differences in the levulin content four days 
after treatment although the 2,4-D treatment showed a lower quantity than 
the other treatments. The levulin content decreased for each of the herbi- 
cidal treatments to a level significantly below the control by the fourteenth 
day. There was no difference in the effect of 2,4-D and kerosene on the 
levulin content, but the sodium chlorate treatment was significantly higher. 

Nitbogen. —The total soluble nitrogen content of the roots and the effect 
of the treatments on this component are shown in table II. The differences 
four days after treatment were not significant, as indicated by an analysis of 
variance^ However, by 14 days after treatment the quantity of soluble 
nitrogen in the roots from plots treated with 2,4-D had decreased to a level 
significantly below all of the other treatments. This response is different 
from the effect produced by the lighter applications in the summer tests in 
which the soluble nitrogen increased in the roots. 

The herhieidal treatments caused an increase in the protein nitrogen of 
the roots, 0 shown also in table II. The differences, however, were small 
and were-not significant until 14 days after treatment. The 2,4-D and 
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sodium chlorate gave the same response, while kerosene caused an increase 
significantly higher than 2,4-D. 

Respiration rates. —When root samples were taken for chemical analy¬ 
sis, enough extra roots were dug to make respiration rate measurements on 
each treatment with two replicates. The mean rates of respiration and the 
respiratory quotient for each treatment are given in table III. Both 2,4-D 
and kerosene caused large increases in the rate of respiration, but the type of 
materials being utilized or some steps in the process were evidently different, 
as indicated by the higher respiratory quotient for the kerosene treatment. 

In this test the 2,4-D treatment caused a large increase in respiration, 
but did not cause an increase in reducing sugars (table I), which indicates 
again that the respiration rate of the 2,4-D treated roots was not correlated 
with sugar content. 


TABLE III 

Respiration rates expressed in milliliters CO, per kilogram or dry root material 

PER HOUR, AND THE RESPIRATORY QUOTIENTS OF DANDELION ROOTS— 1946 


Treatment 

Days after treatment 

Respiratory 

quotient 

4 

14 

Control 

405 

408 

0.94 

Kerosene 

934 

869 

1.24 

Sodium chlorate 

462 

645 

0.96 

2,4-D 

682 

1059 

0.97 


Discussion 

The reducing sugar content of the roots from treated plants was in¬ 
creased but the sucrose content was decreased more than enough to account 
for the rise in reducing sugar, the net effect being a decrease in total sugars. 
The reserve polysaccharides, dextrin and levulin, decreased rapidly after the 
2,4-D treatment. These changes in the carbohydrates of the roots are in 
agreement with those reported by Smith, Hamner, and Carlson (21) for 
bindweed roots, and Mitchell and Brown (16) for annual morning glory. 
Other growth substances produce similar effects according to several investi¬ 
gators (1, 15, 17, 18, 22). The increase in reducing sugars is probably the 
result of an accelerated hydrolysis of reserve carbohydrates. Depletion of 
the total carbohydrate reserves was marked, but it is doubtful that the plants 
were killed by starvation, since the greatest decreases amounted to only 68% 
of the total in 1945 and 49% in 1946. The carbohydrate losses caused by the 
three concentrations of 2,4-D after 25 days are summarized in table IV. 
The milligrams of total carbohydrates lost as a result of each treatment con¬ 
centration were about the same each year even though the percentage de¬ 
crease was greatest in 1945. It is interesting to note that increasing the 
concentration of 2,4-D four times (120 to 480 ppm.) caused a twofold de¬ 
crease in carbohydrates, while a further concentration increase of four times 
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(480 to 1920 ppm.) caused only a slight additional decrease, showing that 
the lower concentrations of 2,4-D gave the greatest physiological response in 
relation to the quantity applied. 

The decrease in carbohydrate content of the roots is reflected in a de¬ 
crease in the total dry weight of the roots, and a comparison of these de¬ 
creases gives an indication of the reactions involved. A decrease in dry 
weight equal to the decrease in carbohydrates suggests utilization of the 
carbohydrates in respiration, while a decrease in dry weight less than the^ 
decrease in carbohydrates would indicate some synthesis of non-carbohy* 
drate materials. We found in our experiments that the decrease in dry 
weight was practically equivalent to the loss in carbohydrates, indicating 
that very little if any carbohydrate was converted into non-carbohydrate 


TABLE IV 

Decrease of reserve carbohydrates caused by 2,4-D, 25 days after treatment 


Treat- 





MENT— 

2,4-D 

Sucrose 

Dextrin 

Levulin 

Total 


1945 



mg. 

% 

mg. 

% 

mg. 

% 

mg. 

% 

Light. 

983 

36 

310 

19 

1586 

29 

2880 

29 

Medium. 

1446 

54 

691 

42 

3314 

61 

5452 

56 

Heavy . 

1857 

69 

879 

53 

3942 

73 

6679 

68 


1946 


Light. 

879 

32 

430 

18 

1613 

19 

2921 

22 

Medium. 

1062 

39 

1082 

45 

4098 

49 

6241 

46 

Heavy . 

1284 

47 

1063 

44 

4331 

51 

6677 

49 


material. Consequently little or no growth or differentiation should be 
shown, and in confirmation there were no indications of growth in the dande¬ 
lion roots at any time during the tests. In this respect the response of 
dandelion roots is different from that of bindweed and sow thistle roots 
reported by Tukey et al. (25) who observed large increases in root and 
rhizome diameters accompanied by splitting. They also found that starch 
disappearance was correlated with new cell growth. It is probable that 
detailed histological studies of the dandelion root would reveal at least some 
growth dr differentiation, since such a response in other plants has been 
shown several investigators (3, 8, 9, 23). Apparently, however, the 
growth responses are small in the dandelion roots. 

The ;2,4-D applications approximately doubled the respiration rates of 
the dnwflelion roots. The heavy application, which was the most rapidly 
toxic to the plants, caused only a temporary increase in respiration which 
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dropped back to normal or below after 15 days. The medium treatment, 
which was sufficiently toxic to kill most of the dandelions, caused a large 
increase in respiration which remained high throughout the test, showing 
only a slight drop after 20 days. 

Since the decrease in carbohydrates was apparently all due to oxidation, 
the question was raised as to whether the increased rate of respiration was 
sufficient to account for the carbohydrate loss. To accurately determine the 
balance between the rate of respiration and carbohydrate loss would require 
information on the rate of photosynthesis, and such data were not obtained. 
The data we have, however, give some indication of the balance. The mean 
daily loss of carbohydrates was determined and the rate of respiration neces¬ 
sary to account for the loss was calculated. It was estimated that if the 
light and medium treatments caused a decrease in photosynthesis of one 
third, then the observed rate of respiration would account for the loss of 
carbohydrate. The heavy application would have had to practically stop 
photosynthesis in order for the observed rate of respiration to account for 
the carbohydrate loss. Since the leaves were quickly killed by this spray 
this assumption is not unreasonable. 

A study of the effect of 2,4-D, kerosene, and sodium chlorate on the com¬ 
position and respiration rate of dandelion roots showed that 2,4-D and 
sodium chlorate had the same effect on reducing sugars, while kerosene 
caused a much greater increase in reducing sugars and only a slight decrease 
in sucrose. Kerosene and 2,4-D caused similar decreases in dextrin and 
levulin, while sodium chlorate was less effective. A check on May 20, 1947 
of the plots of the 1946 fall test showed nearly a complete eradication of the 
dandelions in the 2,4-D plots, and practically equal kills with kerosene, while 
the sodium chlorate treatment was the least effective. The grass was nearly 
all killed by the chlorate, slightly injured by the kerosene, but not visibly 
injured with 2,4-D. 

The striking effects of the differential herbicides, 2,4-D and kerosene, 
were increased digestion and respiration of reserve carbohydrates. The 
plants did not, as early popular accounts have suggested, “grow themselves 
to death”; neither did they starve to death, and the respiration should in 
our opinion be classed as a symptom of specific toxic effects rather than the 
direct cause of injury. The resistance of the grasses and of some other 
plants to these differential sprays suggests that the toxicity of these sub¬ 
stances may be directed toward certain cytoplasmic compounds, probably 
proteins, which vary between families and to a lesser extent between genera 
or species. 

Summary 

1. The reducing sugar content of dandelion roots increased rapidly fol¬ 
lowing applications of 2,4-dichlorophenoxyacetic acid, but later decreased 
towards the level of the control. The sucrose of the roots declined slowly 
after treatment, and the dextrin and levulin contents decreased rapidly. 
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The decrease of carbohydrate reserves was considerably more than enough to 
account for the increase in reducing sugar. It was found that the loss could 
be roughly accounted for by the increased rate of respiration, indicating 
little if any utilization of sugars for growth response. 

2. Respiration rates increased with the 2,4-D; the low concentration 
giving only a temporary stimulus with a return to normal, possibly because 
of the small quantity of 2,4-D, while the medium concentration gave the 
greatest increase which remained high as long as the roots were alive. The 
highest concentration caused a temporary increase followed by a decrease. 

3. A comparative test of 2,4-D with kerosene and sodium chlorate showed 
that 2,4-D and kerosene were equally effective in decreasing the carbohy¬ 
drate reserves and in increasing the rate of respiration, of dandelion roots, 
while sodium chlorate was less effective. Kerosene and 2,4-D were approxi¬ 
mately equal in eradicating the dandelions with little or no effect on the 
grass, while sodium chlorate gave slightly less kill of dandelions and killed 
nearly all of the grass. 

4. From the results of the studies it appears that the action on dandelion 
of 2,4-D in herbicidal concentrations is principally the destruction of carbo¬ 
hydrate reserves, with most of the loss being accounted for by increased 
respiration. It seems improbable that these effects alone can account for 
the lethal action of 2,4-D and we have postulated that they are symptoms of 
direct, specific, protoplasmic toxicity rather than causes of injury. 

The author is indebted to Prof. W. E. Loomis, Department of Botany, 
Iowa State College, for direction during the research and assistance in the 
preparation of the manuscript. 

Department of Agronomy 

Washngton State College 
Pullman, Washington 
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GROWTH OF THE DANDELION SCAPE 1 

Marian D f.llers Chao 
(with six figures) 

Received January 14, 1947 

The growth of the flowering stalk of dandelion, Taraxacum officinale, is 
of considerable interest because of the presence of two distinct periods of 
rapid growth. The last of these precedes and accompanies the maturation 
of the fruit, and represents a resumption of rapid growth in what would 
normally be considered a mature organ. 

Miyake (8, 9) showed that growth of the dandelion scape may be divided 
into three phases: the first a fairly rapid, uniform growth, the second a phase 
of slow growth; and the third, a rapid growth in the upper portions of the 
organ. Schmalfusz (10) showed that mitotie figures were present in elon¬ 
gating scapes up to the stage of shedding ripe fruits and were especially 
frequent preceding the periods of greatest scape elongation. 

As a part of a general study of the mechanism of cell elongation the ex¬ 
periments of Miyake and Schmalfusz have been repeated and extended. 
The data presented were obtained from extensive studies of the regions and 
periods of cell division and elongation in the dandelion scape, together with 
studies of cell volume, green and dry weight, and nitrogen content on a per 
cell basis. 

Cell division and enlargement 

Growth of scape 

A uniform plot of uncut sod with a large proportion of dandelions was 
used for these studies. The dandelion scapes grew irregularly over a period 
of 32 days. In the first phase, which occupied about nine days in the mate¬ 
rial tested and lasted from the first appearance of the scape until the blossom 
opened, the scapes grew rapidly and uniformly throughout their length. 
The second phase, a period of slow scape growth, began just before the blos¬ 
som closed and extended over a period of about twelve days, corresponding 
to the time of embryo development. The final phase covered an eleven-day 
period beginning sometime before the opening of the seed head and con¬ 
tinuing for several days after all the seeds were dispersed. During this time 
the scapes again grew vigorously. 

The growth curve for the whole scape, based on the average of values for 
forty typical scapes, is shown (fig. la). Whereas the usual growth curve 
of an organ is S-shaped, this curve has two S-shaped regions with a flat 
region of slow growth interposed. For comparison the growth curves of the 

1 A portion of a thesis presented to the Graduate Faculty of the Iowa State College 
in partial fulfillment of the requirements for the degree Doctor of Philosophy. A complete 
copy of the thesis is on file at the College Library. 
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DAYS 

Fig. 1. Growth of the dandelion scape, a. Average scape; b. short scape; e. tall 
•cape. 

single scape attaining the smallest final length (fig. lb) and the single scape 
attaining the greatest final length (fig. lc) are also shown. The shape of 
them three curves is similar and the three phases can be distinguished in 
each. 
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Cell growth and section growth 

Bud-scapes averaging 7.26 cm. in length were marked with India ink 
at 1-cm. intervals for the main growth experiment. Eight times during the 
period of development the lengths of the sections between markings were 
recorded. The average cell length in stripped epidermal sections from 
parallel material, mounted in water, was measured with an eyepiece microm¬ 
eter at the same times. Cell length at each stage was determined for sec¬ 
tions of the scape immediately under the floral parts (top), center-scape 
sections (center), and sections at the base of the scape (base). For each 
section at a given stage, twenty epidermal cell lengths were measured from 
each of four scapes and the average of these eighty cells used for estimations 
of changes in cell size and number. In parallel experiments bud-scapes as 
small as 1 cm. in length were marked with India ink to observe zonal growth, 
and epidermal sections were measured for cell length. 

Data from these experiments are summarized (table I, fig. 2). In the 
earliest stages, before the bud-scapes were 5 cm. long, cell division was rapid 
in the upper portions of the scape as shown by the small or negative increase 
in cell lengths and the doubling in length of the sections. Basal sections 
showed less cell division; however, the small increase in cell length relative 
to section length at the 5-em. stage is interpreted as cell division. At stage 
“A,” blossom open, all three zones grew rapidly and primarily by cell 
elongation. After.the blossom head closed, the scape grew very slowly. 
The elongated cells in the sections at the top of the scape underwent an 
average of one division each, as the average cell length decreased by about 
half and the scape as a whole showed little elongation. In the middle of 
the scape cell divisions also occurred, but probably only about half of the 
cells (the longer ones) divided, and no more than one division occurred in 
any one cell. At the base of the scape there was even less activity, and prob¬ 
ably only scattered cell divisions occurred in the longer cells, as the average 
epidermal cell length decreased only slowly and to a small extent. 

During the last rapid growth of the scape, cell elongation again kept 
pace with scape elongation, indicating that few or no cell divisions occurred 
at this time. The most rapid growth took place at the upper end of the 
scape. The center of the scape showed less growth, and the base showed 
only a small amount of elongation. 

Camera lucida drawings of epidermal cells from the center of typical 
dandelion scapes at the various stages, show the sequence of events in the 
cells during scape growth (fig. 3). The small cells seen in the bud-scape 
(fig. 3A, 3B) elongated until they attained a great length at the open blos¬ 
som stage (fig. 30). After the blossom closed, these extremely long cells 
began to divide (fig. 3D) and the new cell walls (shown as stippled) were 
easily distinguishable from the older walls, being less distinct in appearance. 
Before the seed head opened none of the very long cells was visible, cell 
divisions having produced two shorter cells for each long one (fig. 3E). As. 
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Era. 2. Elongation of epidermal cells and of marked sections of dandelion scape. 



Total elongation and cell elongation in the dandelion scape 
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the seed head opened (fig. 3F) the cells were again elongating, although they 
never attained the length they had during the period of blossoming. 




Fig. 3. Epidermal cells from the center of the dandelion scape during growth. 
Figures were drawn from living material with the aid of the camera lueida. a. Epidermal 
cells of the 2-cm. bud-scape; b. epidermal cel)« of the 5 cm. bud scape; c. epidermal cells 
of the blossom-scape; d. epidermal cells or the scape several days after blossoming; 
e. epidermal cells of the scape several days before opening of the seed head; f. epidermal 
cells of the scape of the open seed head. 


Cell elongation in excised sections 

Sections of scape 1 cm. in length grew very satisfactorily in indoleacetic 
acid-sucrose solutions in Petri dishes, elongating as much as two or three 
times in a period of several days under favorable conditions. It was un¬ 
necessary to use any sterile precautions, since changing the solutions once 
a day prevented excessive bacterial contamination for as long as four days. 
A1% concentration of sucrose was found satisfactory, higher concentrations 
shortening the number of days during which it was possible to grow un- 
sterile sections of scape without tissue deterioration. Indoleacetic acid gave 
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best results at 1 p.p.m. to 5 p.p.m. The addition of sources of nitrogen and 
phosphorus increased contamination and did not accelerate growth of scape 
material. 

Top sections of bud-scapes showed the greatest increase in length in 
solution, blossom-scapes elongating moderately but not to the same extent, 
and the older scapes showing even less growth. The relatively great elonga¬ 
tion of the bud-scapes was to be expected, since the cells of such scapes were 
small, and rapid growth of the intact organ normally occurs at this time. 
The elongation rate of sections of bud-scape in sucrose-auxin solution was 
comparable to that which occurred on the plant. Elongation of top sec¬ 
tions of the scape of the closed flower, “F,” did not approach that attained 
in the plant, sections elongating only 50% under the most favorable con¬ 
ditions of temperature and indoleacetic acid concentration. 

TABLE II 


Elongation or sections and or epidermal cells of the dandelion bud-scape during 
24 HOURS IN A 1% SUCROSE SOLUTION CONTAINING 5 MG. INDOLEACETIC ACID 
per liter. (Average or 10 sections or of 80 cells) 


Temperature 

Final length* of 
sections 

Final length t of 

EPIDERMAL CELLS 

Increase in length 

OF EPIDERMAL CELLS 

° C . 

cm . 


% 

0.5 

1.10 

34.7 

37.7 

5.0 

1.13 

33.4 

32.5 

10.0 

1.27 

28.7 

13.9 

14.0 

1.50 

41.7 

65.5 

20.5 

1.60 

42.8 

69.8 

23.0 

1.53 

45.7 

81.3 

27.0 

1.87 

48.5 

92.5 

31.0 

1.60 

50.1 

98.8 

35.0 

1.53 

34.7 

37.7 


* Initial length of sections, 1 cm. 
t Initial length of epidermal cells, 25.2 cm. 


The elongation of sections and epidermal cells of the dandelion bud-scape 
during 24 hours in solution at various temperatures is shown in table II. 
These results are typical of three similar experiments. Although cell divi¬ 
sion occurred in scapes which remained in solution several days, no evidence 
of cell division was obtained in the 24-hour period, cell elongation being of 
the same magnitude as section elongation within the limits of variability. 
Rise of temperature markedly increased the rate of cell elongation. As in¬ 
crease of temperature does not accelerate physical processes to any marked 
extent, the large increase of cell elongation rates with rising temperatures 
indicates that chemical reactions are involved. 

Nitrogen and dry weight changes 

Nitrogen determinations were made by the semi-micro Ejeldahl method, 
using essentially the procedure proposed by Ma and Zuazaga (7). Samples 
for fresh weight, dry weight, and nitrogen determinations were collected oii 
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the same days that cell lengths were studied, and comparable scape material 
was used. A comparison of total nitrogen with protein and non-protein 
nitrogen was made on sections from control parts of scapes at all critical 
stages, using the method outlined by Blank and Frey-Wyssling (3) for 
separation of protein and non-protein nitrogen. 



OAYS 

Fig. 4. Total nitrogen, fresh weight, and dry weight, in relation to epidermal cell 
length at the top of the growing dandelion scape. 

The*total nitrogen, green weight, and dry weight, changes of three repre¬ 
sentative regions of the dandelion scape during growth are plotted (figs. 
4, 5, 6). In alt parts of the scape, total nitrogen in percentage of dry matter 
was higbmt in the bud stage, indicating that carbohydrate accumulation was 
subsequently more rapid than nitrogen accumulation. The amount of pro- 
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tein nitrogen in the bud-scapes was about 2.5 times as great as the amount 
of non-protein nitrogen. In the bud the floral parts were developing and 
the egg cells and pollen were being produced. Nitrogen was undoubtedly 
moving through the scape into the bud, but nitrogen per epidermal scape 
cell increased continuously and progressively from the time the scape was 



DAYS 


Fio. 5. Total nitrogen, fresh weight, and dry weight, in relation to epidermal cell 
length at the center of the growing dandelion scape. 


first, evident until the period of blossoming was well past. The increase of 
nitrogen per cell was cotnparable in extent to the rapid increase of epidermal 
cell length which occurred just before blossoming in all parts of the scape. 
The ratio of protein to non-protein nitrogen remained constant throughout 
these stages of growth. Apparently synthesis of protein forms of nitrogen 
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as well as an accumulation of non-protein forms were occurring during this 
period. 

As the cells began dividing in the scape after blossoming (after embryo 
development had started), the percentage of nitrogen in the dry matter 
remained nearly constant. The total amount of nitrogen in the entire scape 
apparently did not decrease. The amount of nitrogen per cell, however, 



DAYS 

Fio. 6. Total nitrogen, fresh weight, and dry weight, in relation to epidermal cell 
length at the hottom of the growing dandelion scape. 

decreased with division, and as the ratio of protein to non-protein nitrogen 
-still remained the same as.in the bud or blossom scape, it appears that syn¬ 
thesis of protein nitrogen during division of the scape cells probably did not 
occur to any extent at this time. 

During- the period of rapid cell elongation which preceded and aceom- 





CHAO: DANDELION SCAPE 


403 


panied the opening of the seed head (roughly stages “E” to “G”) the 
nitrogen per epidermal cell showed no increase. There was, in fact, some 
indication of a decrease of nitrogen per cell at this time, especially at the 
bottom of the scape (fig. 6) which suggests a translocation of nitrogen out 
of the scape cells. The ratio of protein to non-protein nitrogen which had 
been constant at all preceding stages, now decreased, indicating that pro¬ 
teins were being digested, and probably that the products of digestion were 
moving out of the scape into the developing fruit. 

The dry weight and fresh weight changes during the growth of the scape 
are plotted together with the nitrogen and epidermal cell length changes 
(figs. 4, 5, 6). Dry weight per cell increased greatly during the first period 
of rapid cell elongation and remained practically constant during the period 
of slow scape growth after blossoming. During both periods of cell elonga¬ 
tion the increase of fresh weight per cell was somewhat greater than the 
increase of dry weight per cell. 

Discussion 

In general, epidermal cell length and protein nitrogen, non-protein nitro¬ 
gen, dry weight, and fresh weight per cell increased and decreased at similar 
rates until the epidermal cells began to elongate rapidly for the second time, 
unaccompanied by a corresponding increase of total nitrogen or dry weight, 
and with only the fresh weight and non-protein nitrogen per cell showing 
any tendency to increase. The evidence that protein nitrogen formation 
occurred rapidly during cell elongation at flowering and only to a small ex¬ 
tent, if at all, during divisions of cells after flowering was somewhat sur¬ 
prising in view of the widely existing impression that cell division involves 
great increase of protoplasmic material and that cell elongation involves 
little or none. The formation of proteinaceous material during cell elonga¬ 
tion has been observed to occur in the coleoptile of Zea mays (5) and in the 
hypanthium of Oenothera acaulis (3). In studies of growth of broccoli 
cotyledons evidence has also been found for protoplasm formation durinir 
cell enlargement. Cotyledons of seedlings germinated in sand and later 
transplanted into fertile soil enlarged three to four times after transplanta¬ 
tion, whereas the cotyledons of seedlings remaining in sand showed little or 
no growth. No cell division was involved in this growth, cotyledon and cell 
enlargement being of the same order. In a typical experiment the cotyledon 
volume increased ,1.71 times, total nitrogen 2.30 times, protein nitrogen 1.74 
times, and non-protein nitrogen 2.73 times following transplantation. These 
data indicate that some substance, possibly available nitrogen, supplied by 
the more fertile medium was capable of reviving and extending cell enlarge¬ 
ment in the absence of cell division in the cotyledons. The rapid rate of 
protein accumulation in these young, enlarging cells of the broccoli cotyledon 
is interesting, but a direct relationship between protein synthesis and cell 
elongation in general is not established, since cell elongation in intact 
dandelion scapes at the time of seed maturity occurred without increase of 
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protein nitrogen per cell, and sections of young scapes in sugar and hormone 
solutions grew rapidly by cell elongation without additional nitrogen. The 
bud-scapes which elongated in solutions in the absence of an external source 
of nitrogen, however, had cells which were small and rich in protoplasm as 
elongation began. If cell enlargement occurs through the stimulation of a 
basic protoplasmic process which in turn brings about secondary effects (4, 
11), it may be that synthesis of protoplasm is not the direct means of bring¬ 
ing about cell enlargement, but that a sufficient supply of protoplasm is pre¬ 
requisite to the initiation of the process. A relationship between protein 
synthesis and auxin synthesis may also be involved (1). 

Since elongation may accompany cell division in cells of the dandelion 
scape, or the two processes may occur independently, it would be of interest 
to discover which conditions stimulate cells to divide, which stimulate cells 
to elongate and under what conditions both processes occur more or less 
simultaneously. The two processes are undoubtedly more closely related 
and more nearly subject to the same stimulating mechanism than has been 
generally suspected. Goodwin and Stepka (6) have shown that the region 
of most active cell divisions in Phleum roots is also the region of most active 
cell elongation. Experiments reported in this paper have indicated that 
chemical reactions and synthesis of protoplasm are found in enlarging as 
well as dividing cells, and, in fact, that cell division in the dandelion scape 
does not necessarily involve protein synthesis. It may be that the differ¬ 
ence between the mechanism stimulating division and that stimulating en¬ 
largement of cells is very slight. 

The prominence of protein synthesis in the first period of rapid cell 
elongation in the dandelion scape and its absence in the second suggest that 
the stimulus for cell enlargement may be either internal or external to the 
enlarging cell. If this stimulus be hormonal, it may be postulated either 
that protein and hormone synthesis within the cell (1, 2) stimulates enlarge¬ 
ment of the same cell, or that an external supply of hormone from active 
buds, leaves or fruits above may accomplish the same result. In the broccoli 
experiments, growth of the entire plant was checked by nutrient deficiencies 
and cell enlargement in the cotyledons stopped, to be resumed when a supply 
of soil nutrients made possible the general resumption of protein and pre¬ 
sumably of hormone synthesis. 

The effect of increasing temperature in accelerating the rate of cell 
elongation in sections of the scape clearly indicates the presence of limiting 
chemical reactions either in the wall or in the protoplasm and furnishes ad¬ 
ditional evidence of the complexity of cell enlargement processes. 

Summary 

A comparison of organ growth and cell growth was made in dandelion 
scapes of field plants. Cells were simultaneously dividing and increasing 
in length until the blossom began to open. At this time scape growth was 
accelerated and few or no cell divisions occurred. After the blossom closed, 
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scape growth was very slow and cells were reduced in length through cell 
division. As the seed head opened, the scape again grew rapidly by cell 
elongation. During the first rapid elongation the whole scape grew uni¬ 
formly, although there were probably differences in the relative roles of cell 
division and elongation in the upper and lower portions, but during the 
second rapid elongation most of the growth took place at the upper end of 
the scape. 

One-centimeter sections of small bud-scapes elongated rapidly in non- 
sterile, indoleacetic acid-sucrose solutions, tripling their length in several 
days under the most favorable conditions. The rate of cell elongation was 
accelerated by increasing temperatures from 0° to 25° C. The importance 
of chemical reactions in cell enlargement is indicated. 

Total nitrogen as well as protein nitrogen, fresh weight, and dry weight 
per cell increased during the first rapid growth of the scape. During the 
second period of rapid elongation, dry weight and protein nitrogen per cell 
decreased, and fresh weight and non-protein nitrogen per cell increased only 
slightly. Protein synthesis may or may not accompany cell elongation in 
scape tissue, and the hypothesis is advanced that cell enlargement may be 
stimulated either by hormones produced during protein synthesis within 
the enlarging cell, or by hormones moved from a center of cell activity ex¬ 
ternal to the stimulated cells. 

The writer is indebted to Dr. W. E. Loomis for direction during the re¬ 
search and for assistance in the preparation of the manuscript. 

Department ok Botany 
Iowa State College 
Ames, Iowa 

LITERATURE CITED 

1. Avery, G. S., Jr., Burkholder, P. R„ and Creighton, H. B. Nutrient 

deficiencies and growth hormone concentration in Helianthus and 

Nicotiana. Amer. Jour. Bot. 24: 553-557. 1937. 

2. Avery, Q. Jr., and Pottorf, Louise. Auxin and nitrogen relation¬ 

ships in green plants. Amer. Jour. Bot. 32: 666-669. 1945. 

3. Blank, F.. and Frey-Wyssung, A. Protoplasmic growth in the hv- 

panthium of Oenothera aeaulis during cell elongation. Ann. Bot. 

n.s. 8 : 71-78. 1944. 

4. Commoner, B„ and Mazia, D. The mechanism of auxin action. Plant 

Physiol. 17: 682-685. 1942. 

5. Frey-Wyssling, A., and Blank, F. Growth of protoplasm and nitro¬ 

gen migration in the coleoptile of Zea mays. Nature 145: 974-975. 
1940. 

6. Goodwin, R. H., and Stepka, W. Growth and differentiation in the 

root tip of Phkum pratense. Amer. Jour. Bot. 32 : 36-46. 1945. 

7. Ma, T. S., and Zuazaga, G. Micro-Kjeldahl determination of nitrogen. 

Ind. and Eng. Chem. 14: 280-282. 1942. 



406 


PLANT PHYSIOLOGY 


8. Miyake, K. On the growth of the peduncle of Taraxacum officinale (in 

Japanese). Botanical Magazine, Tokyo IS: 331-334. 1899. 

9. -?-. t)ber das Wadi stum des Bliitenschaftes von Taraxacum. 

Beih. Bot. Zentralbl. 16 : 403-414. 1904. 

10. Schmalfusz, Karl. Untersuchungen iiber die interkalare Wachstums- 

zone am Glumifloren und dikotylen Bliitenschaften. Flora 124: 
333-366. 1930. 

11. Sweeney, B. M., and Thimann, K. V. The effect of auxins on proto¬ 

plasmic streaming. II. Jour. Gen. Physiol. 21: 439-461. 1938 



SOME EFFECTS OF TEMPERATURE AND PHOTOPERIOD ON 
FLOWER FORMATION AND RUNNER PRODUCTION IN 
THE STRAWBERRY 

H. T. Hartmann 

(with three figures) 

Received April 12, 1947 

The regional and geographical adaptation of strawberry varieties is 
known to be influenced by day-length and temperature. As Darrow and 
Waldo (3) have shown, the ordinary varieties of strawberries are short-day 
plants, initiating flower buds when the light period per day approximates 10 
hours or less. According to Darrow (2), temperature exerts a modifying 
influence on the response of the strawberry to the photoperiod. 

In this investigation the response of the strawberry to certain tempera¬ 
ture and day-length treatments was studied under controlled environmental 
conditions. The strawberry is well adapted for use in studies of this kind 
as it is known to have definite photoperiodic responses which are influenced 
by temperature. These responses are judged by criteria that are definite 
and easily measured; namely, the formation of flower clusters when the 
plant is in the reproductive state and the production of runners when it is 
in the vegetative condition. In addition the strawberry can be propagated 
vegetatively by runners, thereby furnishing plant material of the same 
genetic constitution for experimental treatment. 

The equipment used in the present investigation consisted of a set of four 
environment-control cabinets, described in detail by Hartmann and Mc¬ 
Kinnon (6). With these cabinets the temperature could be maintained at 
desired levels by electric heaters and refrigeration units, both thermostati¬ 
cally controlled. The plants were grown under banks of fluorescent lamps, 
which maintained a light intensity of about 500 foot-candles at the level of 
the plants. The day-length conditions could be adjusted at will and were 
automatically maintained by a time switch. 

Methods and results 

To test the response of the Missionary strawberry to short and long light 
periods under the controlled environmental conditions used in this investiga¬ 
tion a preliminary experiment was carried out. Twenty plants of this va¬ 
riety, which had been growing in long days and were definitely in a vegetative 
state, were placed in the cabinets on July 9, 1942. Ten plants were main¬ 
tained under “short-days” (10 hours) and ten were put under “long days” 
(15 hours). They were grown in sandy loam in gallon cans. Flower and 
runner counts were made at intervals from July 23 to October 15. The 
results are given in table I and definitely show this strawberry variety to be 
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vegetative under a 15-hour photoperiod and reproductive with a 10-hour 
photoperiod. 

Experiment i. The effect of constant temperature in comparison 

WITH FLUCTUATING TEMPERATURE ON THE PHOTOPERIODIC RESPONSE 

OF THE STRAWBERRY 

It was desired to conduct experiments on photoperiodic response with 
plants maintained under constant temperature conditions. Under natural 
conditions plants are, of course, subjected to a daily fluctuation of tempera¬ 
ture in addition to the daily alternation of light and darkness. That is, the 
temperature is higher during the light period than during the dark period. 

TABLE I 

The effect of 10 \nd 15 hock photoperiods at a constant temperature of 70° F. 

ON VEGETATIVE AND REPRODUCTIVE GROWTH OF THE MISSIONARY STRAWBERRY. 

(Plants placed under test conditions July 9 , 1942) 


Date 

Number of runners 

REMOVED FROM 

10 PLANTS 

Number of flowers 

PRODUCED BY 

10 PLANTS 

10 HOUR DAYS 

15 HOUR D\YS 

10 HOUR DAYS 

15-HOl R DWS 

July 23 

4 

18 

0 

0 

August 6 

0 

10 

0 

0 

August 20 

0 

24 

0 

0 

September 3 

0 

24 

0 

O 

September 17 

0 

17 

0 

0 

October 1 

0 

23 

13 

0 

October 6 

0 


24 

0 

October 9 

0 


32 

0 

October 13 

0 


29 

0 

October 15 

0 

20 

41 

0 

Total 

4 

130 

j 



This experiment was designed to determine whether this daily temperature 
fluctuation is a factor influencing the production of flowers in the straw¬ 
berry. Two conditions were maintained: (1) short days (10 hours) with 
the temperature constant at 70° F.; (2) short days (10 hours) with a tem¬ 
perature of 80° F. during the light period and 60° F. during the dark period. 
Thirty-six plants of the Missionary variety, which had been maintained 
under long days and were in a vegetative state, were placed under each of 
these conditions January 11, 1946. Flower counts were started March 19. 
In recording the results (flower formation), the plants were considered to 
be in the reproductive state when there was the first macroscopic evidence 
of flower-bud formation. This condition is determined by the appearance 
of a cluster of small flower buds in the crown of the plant. Later this flower 
cluster emerges on the end of a flower stalk or peduncle. Fruit set was 
recorded when there was the first indication that the fleshy receptacle was 
swelling. The fruit was considered ripe when it attained a solid red color. 
The results of this test are given in table II. 
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All plants under both conditions formed flowers and set fruits that 
ripened. This occurred earlier under fluctuating than under constant tem¬ 
perature. The difference in time of flower differentiation in the two groups 
is small. Nearly half the plants under the fluctuating temperature had, 
however, set fruits before any in the other group had done so; some ripe 
fruits occurred three weeks earlier at fluctuating than at constant tem¬ 
perature. 

Experiment ii. The piiotoperiodic response of the strawberry fnder 

ARTIFICIAL CONDITIONS OF (1) LONG DAYS WITH LONG NIGHTS AND 
(2) SHORT DAYS WITH SHORT NIGHTS 

It was shown in the preliminary test and in Experiment I that the straw¬ 
berry becomes reproductive with a light period of 10 hours and a dark period 

TABLE II 

Comparison op plowf.r formation, fruit setting, and fruit-ripening of 
Missionary strawberry plants grown under conditions of 


Date 


March 19 
Match 27 
April 1 
April 9 
April 12 
April 18 
April 24 
April 28 
May 3 
May 6 
May 10 

of 14 hours per day at a constant temperature of 70° F. It is possible that 
the initiation of the reproductive condition may be due to the short (10- 
hour) light period, the long (14-hour) dark period, or the combination of 
the two. 

This experiment was arranged to study the effect of the short light period 
and the long dark period on flower formation in the strawberry. Two of the 
four cabinets had the light-controlling time clock set to provide a 20-hour 
cycle; 10 hours of light followed by 10 hours of darkness, etc. This gave the 
short light period, but not the long dark period. The time clock controlling 
the lights in the remaining two cabinets were arranged to provide a 28-hour 
cycle; that is, 14 hours of light followed by 14 hours of darkness, etc. This 
resulted in the long dark period, but not the short light period. 

Forty-two plants were put in the cabinets under eaeh set of conditions 


constant temperature and fluctuating 

TEMPERATURE 


Number of plants 

Number of plants 

Number of ripe 

FRUITS PICKED 

FORMING FLOWERS 
(30 TOTAL') 

SETTING FRUITS 
(30 TOTAL) 

(50° TO 
80° F. 

70° F. 

o o 

33 

70° F. 

60° to 
80° F. 

70° F. 

10 

7 

o ! 

0 

0 

0 

23 

21 

0 

0 

0 

0 

28 

21 

6 

0 

0 

0 

31 

30 

14 

0 

0 

0 

33 

30 

19 

8 

0 

0 

33 

32 

25 

22 

7 

0 

30 

34 

30 

22 

3 

0 

30 

33 

31 

25 

17 

0 

30 

35 

34 

32 

10 

13 

30 

30 

35 

34 

23 

26 

30 

30 

30 

30 

23 

30 
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on May 13, 1946, having been maintained previously under long-day condi¬ 
tions. The temperature was held constant at 70° F. Vegetative response 
was measured by counts of runners produced, and reproductive response by 
flower clusters formed. The results of these measurements appear in 
table III. 

The plants in both series continued to produce runners from the time 
they were placed under the test conditions on May 13 until about June 14, 
a period of 4$ weeks. This situation was due to runner initials which were 
formed while the plants were under long days previous to being placed in 
the conditions of the test. From June 14 to the conclusion of the test there 

TABLE III 

The effect of 20-hour and 28-hour photoperiodic cycles on runner production and 

FLOWER FORMATION IN THE MISSIONARY STRAWBERRY. (PLANTS 
PLACED UNDER TEST CONDITIONS MAY 13, 1946) 


Date 

Vegetative response 

(RUNNERS REMOVED PROM 

42 PLANTS) 

Reproductive response 
(NUMBER OP PLANTS WITH 
FLOWER CLUSTERS; 42 
PLANTS TOTAL) 

28-HOUR 

CYCLE 

20-hour 

CYCLE 

28-HOUR 

CYCLE 

20-hour 

CYCLE 

May 

23 . 

25 

32 

0 

0 

May 

29 . 

36 

26 

0 

0 

June 

3 . 

27 

12 

0 

0 

June 

6. 

11 

17 

0 

1 

June 

12. 

6 

1 

1 

2 

June 

14. 

0 

2 

1 

2 

June 

22 . 

2 

2 

2 

2 

July 

1 . 

! 2 

0 

2 

o 

July 

13 . 

3 

(1 

6 

2 

July 

16. 

I 8 

0 

6 

4 

July 

23 . 

19 

0 

17 

21 

July 

29 . 

24 

0 

22 

26 

August 7. 

44 

0 

23 

41 


was a striking difference in the production of runners. The plants main¬ 
tained under conditions of short light periods and short dark periods (20- 
hour cycle) ceased runner production altogether, whereas the plants under 
long light and long dark periods (28-hour cycle) returned to runner forma¬ 
tion. The plants under the last-named condition had a temporary decline 
in formation of runner initials, probably occurring when they were changed 
from the normal 24-hour cycle to the artificial 28-hour cycle. 

As for reproductive response, the plants in the two groups behaved simi¬ 
larly in their production of flowers, except for the reading made on August 
7. At this time, in the 20-hour group, 41 out of 42 plants had flowers, 
whereas in the 28-hour group only a little over half the plants had flowers 
appearing. Plants grown with long light and long dark periods (28-hour 
cycle) produced runners and flowers simultaneously. Whenever flower 
clusters were formed under any of the conditions, they continued to develop, 
and set ffyiit. 
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Experiment III. Photoperiodic induction in the strawberry 

In the occurrence of photoperiodic induction, plants can be placed under 
those conditions of daily light duration which are favorable for initiation of 
floral primordia and, if kept there sufficiently long, will continue flower 
development even though they are subsequently moved to photoperiodic con¬ 
ditions unfavorable for flower formation. 

In this experiment strawberry plants of the Missionary variety were 
obtained which originated as runner plants from a field planting that had 
been under long-day (midsummer) light conditions. Thej' were potted and 

TABLE IV 


Vegetative and reproductive response or plants held tor different intervals of 
SHORT-DAY (10 HOURS) TREATMENTS FOLLOWED BY SUBSEQUENT 
EXPOSURE TO LONG-DAYS (15 HOURS) 


Date 

Number of days exposed to short photoperiods 

3 DAYS* 

7 DAYSt 

21 DAYSt 

38 DAYS# 

Vegetative response (runners removed prom 10 plants) 


August 20 

7 

3 

6 

4 

August 27 

11 

9 

5 

2 

September 6 

13 

10 

3 

2 

September 16 

11 

10 

0 

0 

September 23 

10 

11 

6 

0 

September 30 

11 

6 

4 

0 

October 7 

6 

3 

O 

0 

October 14 

7 

5 

2 

0 

October 21 

9 

8 

2 

8 

October 26 

7 

5 

4 

2 

Reproductive response (number of plants with flower clusters; 10 plants total) 

September 30 

October 7 

0 

4 

9 I 

6 

0 

5 

9 

10 

October 14 

0 

5 

10 

10 

October 21 

0 

5 

10 

10 

October 26 

0 

5 

10 

10 


* Moved to long-day conditions August 13. 
t Moved to long-duy conditions August 17. 

$ Moved to long-dav conditions August 31. 

$ Moved to long-day conditions September 17. 

placed in the cabinets on August 10, 1946, under short-day conditions (10 
hours light and 14 hours darkness per 24 hours). The forty plants used 
were divided into four groups of ten plants each. Each group remained in 
the short-day cabinets for a different period of time, then -was removed to 
long days (15 hours of light and 9 hours of darkness per 24 hours). The 
short-day time periods for the four groups were as follows: (1), 3 days; (2), 
7 days; (3), 21 days; (4), 38 days. Results of this experiment were ob¬ 
tained by making counts of runner production and flower formation at inter¬ 
vals. These counts are given in table IV. Throughout this experiment the 
plants were held at a constant temperature of 70° F. 
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Floral primordia were initiated when the plants were exposed to 7 photo- 
periodic cycles consisting of 10 hours of light and 14 hours of darkness per 
24 hours. These primordia continued to develop even though the plants 
were subsequently placed under long-day conditions (15 hours light and 9 
hours darkness per 24 hours). Exposure to 3 short-day cycles failed to 
result in initiation of floral primordia. This fact would indicate that the 
critical number of short-day cycles required for initiating floral primordia 
in the Missionary strawberry lies between 3 and 8. Exposures to longer 
“induction periods” (21 days and 38 days) also resulted in initiation and 
development of flower clusters. An inverse relation was apparent between 
runner production and flower formation. Those plants initiating and pro¬ 
ducing the greatest numbers of flower clusters developed the fewest runners. 

Experiment iv. Translocation of a flower-forming stimulus in the 

STRAWBERRY 

Theories have been proposed ( 1 , 6 , 7 , 8 ) that the floral primordia in 
plants may be initiated by a flower-forming stimulus which is manufactured 
in the leaves when they are under the proper environmental conditions. 
This stimulus is presumably translocated to the growing points of the plant, 
where it results in the differentiation of floral parts. With the equipment 
available for this investigation, this theory in regard to the strawberry could 
be tested. 

Two types of experiments were performed: one with the leaves, the other 
with runners. In the test with leaves the plant itself (crown and roots) was 
maintained under long-day conditions, but the leaves (one or more) were 
placed in short days. This arrangement was made by cutting an opening 
in the partition between the short-day and long-dav cabinets and letting the 
leaf petioles extend through the opening. The openings were light-proofed 
by packing around the petioles with felt. The Missionary variety was used, 
and the temperature was held constant at 70° F. 

Hamner and Bonner ( 4 ) have shown that fully expanded leaves of the 
short-day plant Xanthium, exposed to long photoperiods, inhibited the trans¬ 
mission of the stimulus through the stem to which the leaves were attached. 
Stout (9), working with the sugar beet, a long-day plant, believed that the 
substance conducive to reproductive development might be translocated with 
the carbohydrates. 

In view of such evidence this test was subdivided into three groups: (1), 
all the leaves of eaeh plant were maintained in short days; only the roots, 
crown, and part if the petioles were contained in the long-day cabinets; (2), 
fifty ■% of the leaves wfere held under short-day conditions, while the remain¬ 
ing fifty % were in the long-day cabinets together with the roots and crown 
of the plant# (3), one leaf only was placed in the short-day cabinet, the re¬ 
mainder of the plant being under long days. Five plants were used in each 
group aqd on August 10,1946, were arranged in the manner described above. 
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Results were obtained at intervals throughout the test by counts of runner 
production and flower formation. These results are given in table V. 

Plants held in long photoperiods became reproductive when portions of 
the leaf area were subjected to short days. The number of flower clusters 
produced was in direct ratio to the percentage of the total leaf area placed 
under short-day conditions. The formation of runners was in inverse ratio 
to the percentage of total leaf area held under short-day conditions. Plants 
with the entire leaf area exposed only to long days formed no flower clusters, 
but produced more runners than did any other group among the four. 

TABLE V 

The effect of short photoperiods on portions of the leaf area of plants main¬ 
tained UNDER LONG-DAY CONDITIONS IN REGARD TO THEIR VEGETATIVE 
AND REPRODUCTIVE RESPONSE. (PLANTS PLACED UNDER 
INDICATED CONDITIONS AUGUST 10) 


Date 

Portion of the leaf area held under short photoperiods 

0 LEWES 
(Control ) 

1 LEAF 

50% OF LEAF 
ARE\ 

100% OF 
LEIF IRE\ 

VEGFTVTIVE RESPONSE (RUNNERS REMOVED 

FROM 5 PLVNTS) 

August 20 

3 

3 ! 

2 

4 

August 27 

7 

5 

2 

0 

September 6 

6 

5 

3 

1 

September 16 

4 

3 

0 

0 

September 23 

6 

4 

0 

0 

September 30 

5 

6 

1 

0 

October 7 

7 

4 

! 1 i 

1 <> 

October 14 

3 

3 

1 1 

0 

October 21 

6 

3 

0 

0 

October 26 

* 

3 

0 

0 

Total 

51 

39 

10 

5 

Reproductive response 

(NUMBER OF PLANTS WITH FLOWER CLUSTERS; 5 

PLANTS TOTAL) 

September 23 

i 0 

0 

0 

0 

October 7 

1 0 

0 

0 

0 

October 14 

0 

0 

1 

1 

October 21 

0 

1 

2 

4 

October 26 

0 

1 

2 

4 


In the second type of test for a flower-forming stimulus in the straw¬ 
berry, runner plants were used which were attached to the parent plant. 
The parent plants were secured from a field planting growing under long- 
day (mid-summer) conditions; each plant selected had a long runner at¬ 
tached. The parent plants were transplanted to gallon cans and placed in 
the sliort-day cabinets. The runners were threaded through an opening in 
the partition into the long-day cabinets. There they were “layered” in soil 
in pots, where they rooted and grew into plants. Thus, after the beginning 
of the test on August 10, runner plants were continuously grown under long 
days, while the parent plants were under short days. Figure 1 shows the 
arrangement of the parent plant and runner plant in relation to the parti¬ 
tion between adjacent cabinets. Half of the runner plants were kept de^ 
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Fig. 1. Method of arranging parent plant and attached runner plant so that each 
could be maintained under different pliotoperiodic conditions. 


foliated, whereas in the other half the leaves developed normally. By this 
means a more rapid movement of materials to the defoliated plants from the 
parent plants seemed likely to occur. The Missionary variety was used in 
this test, and the temperature was kept constant at 70° F. Counts of runner 
production and flower formation, taken at intervals, are {riven in table VI. 

TABLE VI 

Vegetative and reproductive response of runner plants growing under long pho¬ 
toperiods (15 HOURS) WHEN ATTACHED BY RUNNERS TO PARENT PLANTS 
MAINTAINED UNDER SHORT PHOTOPERIODS (10 HOURS). 

(Treatment started August 10, 194(5) 


Bate 

Runner plants in long 

DAYS ATTACHED TO PARENT 

PLANTS IN SHORT DAYS 

Control plants 

GROWING IN 

Defoliated 

Non- 

DEFOLIATED 

Long days 

| Short days 

Vegetative response (runners removed from 5 plants) 

August 20 . 

0 

0 

3 

2 

August 27. 

0 

0 

7 

0 

September 6 . 

1 

0 

6 

0 

September 16. 

0 

1 

4 

0 

September 23 . 

0 

7 

6 

0 

September 30 .. 

0 

2 

5 

0 

October 7 . 

0 

1 

7 

0 

October 14. 

0 

2 

3 

0 

October 21. 

0 

0 

6 

0 

October 26. 

0 

o 

4 

0 

Total .. i 

1 

13 

51 

o 


BEPBODUCTIVE RESPONSE (NUMBER OF PLANTS WITH FLOWER CLUSTERS; 5 PLANTS TOTAL) 


September 30 . 

0 

1 

0 

0 

October 7 ..*. 

• 0 

2 

0 

0 

October 14 -. 

1 

2 

0 

5 

October tl .*. 

1 

3 

0 

5 

October 26. 

3 

3 

0 

5 
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The runner plants used were necessarily younger t^ian the long and short- 
day control plants, which were of the same age as the parent plants. 

As shown by the data given in table VI and by the appearance of typical 
plants in figure 2, runner plants growing under long-day conditions formed 
flower clusters; provided, however, that they remained attached by runners 
to plants growing under short-day conditions. Flower clusters formed on 
those runner plants whose leaves were removed as well as on the non-defoli- 
ated plants. The latter were more vigorous, however, and initiated flower 
clusters sooner, or at least developed more rapidly. This situation might be 
expected, since these plants would have a greater carbohydrate supply than 
the plants that depended entirely on carbohydrate movement through the 
runner from the parent plant. Not all of the runner plants formed flower 



Fig. 2. Appearance of typical plants when grown under short-day and long day 
conditions. The runner plant (growing in long days) produced flowers because of its 
attachment to the parent plant (growing in short days). 


dusters even though they were attached by runners to plants growing in 
short days. It was noted that in such plants the runners connecting the 
two plants turned brown and shrivelled; these runners were probably in¬ 
capable of translocating food materials or any floral-inducing stimulus. 

The plants attached by runners to parent plants growing in short days 
produced fewer runners than the control plants grown under long days. 
Allowing leaves to develop on the attached runner plants (growing in long 
days) increased their vegetative response, as is shown by the increased pro¬ 
duction of runners in comparison with those attached runner plants that 
were defoliated. 

Discussion 

Although flower buds appeared at about the same time under conditions 
of constant temperature and fluctuating temperature, there was apparently 
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a constant and consistent hastening of flower and fruit development on 
plants grown at the fluctuating temperatures used. The plants in the 60°- 
to-80° F. group had a lower “average temperature” than the plants held 
constantly at 70° : they were at 80° for 10 hours, at 60° for 14 hours. Never¬ 
theless, the plants in the 60°-to-80° group had a greater developmental rate 
than those in the 70° group. This condition may be explained by the tem¬ 
perature coefficient of at least 2, characteristic of most plant-cell reactions, 
which would cause an accelerated metabolism of the plant cells at the 80° F. 
temperature. For example, if x equals the rate of cell metabolism per hour 
at a temperature of 70°, the plants held at this temperature would have a 
relative metabolic rate of 24x in one day. The plants in the 60°-to-80° tem¬ 
perature group would have a metabolic rate of 2x for the 10 hours at 80°, 
or 20x; they would also have a metabolic rate of 0.5x for 14 hours at 60°, 
or 7x. This would then total 27x for the 60°-to-80° F. group in comparison 
with the 24x rate for the 70° group. Thus the plants held under the fluctu¬ 
ating temperature conditions (60°to 80° F.) could be expected to show more 
rapid developmental characteristics, because of the greater daily metabolic 
rate. 

The rate of photosynthesis would supposedly be the same for the two 
groups of plants even though the latter were held under different tempera¬ 
tures (70° and 80° F.) during their light periods. As the light intensity 
used was relatively low (about 500 foot-candles) the “light reaction” was 
presumably the limiting factor in the photosynthetic process. As this re¬ 
action has a temperature coefficient of 1, the different temperatures involved 
would therefore not influence the photosynthetic rate. 

Under field conditions the Missionary strawberry will form runners 
abundantly during summer with 14 hours of light daily, accompanied, of 
course, by 10 hours of darkness. Under the conditions used in the second 
experiment, plants produced runners with a 14-hour daily light period 
together with a 14-hour dark period, the 14-hour dark period being substi¬ 
tuted for the accompanying short (10-hour) dark period found in nature. 
When a short dark period (10 hours) was used together with a short light 
period rather than the normal accompanying long light period, no runners 
were produced. From these facts one may conclude that the long light 
period appears to be necessary for runner production (vegetative response) 
rather than the short dark period. 

In regard to the reproductive response of the plants used in Experiment 
II, it is noted that the plants produced flower clusters under both the 28-hour 
and the 20-hour cycles. Plants grown with long light and long dark periods 
(28-hour cycle) produced runners and flowers simultaneously. 

Four photoperiodic combinations of day and night are possible: (1), long 
days and short rights; (2), short days and long nights; (3), long days and 
long nights; and (4), short days and short nights. The first two occur in 
nature as a 24-hour cycle; Flower formation occurs in the Missionary straw¬ 
berry under-Natural conditions only in the second case (short days and long 
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nights). As table III indicates, flower formation qccurred also under the 
the two artificial conditions: long days with long nights, and short days with 
short nights. Thus, of the four possible photoperiodic combinations, in only 
one—long days and short nights—does flower formation fail to occur. If a 
hormonal mechanism is responsible for flower formation it is possible that a 
substance may be produced during the light period which must be utilized 
in a subsequent reaction during the following dark period for flowering to 
occur. If the dark period is of insufficient duration, in relation to the length 
of the light period, for complete utilization of the substance, the result may 
be an accumulation that inhibits flower formation. In this investigation 
flower formation occurred when the light and dark periods were of equal 
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Fig. 3. Vegetative and reproductive response of the Missionary strawberry to the 
four possible combinations of light and dark periods. Treatments 1 and 2 can occur 
naturally as a 24-hour cycle. Treatments 3 and 4 are artificial. 


length, regardless of whether they were long or short. Under natural con¬ 
ditions flower formation in the strawberry takes place, within limits, when 
the dark period is longer than the light period, but not when the dark period 
is shorter than the light period. This situation is shown graphically in 
figure 3. 

In the experiment on photoperiodic induction in the strawberry, the first 
flower clusters appeared at the same date (September 30) in all the three 
groups that became reproductive. The plants were all placed under the 
short-day conditions at the same date (August 10). Thus about 50 days 
were required, after the initial exposure to photoperiodic conditions con¬ 
ducive to development of the reproductive state, before flower clusters be¬ 
came visible. The first microscopic appearance of the initiation of floral 
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primordia (although not observed here) would occur, of course, some time 
before the date of macroscopic visibility. 

Runners initiated by the previous exposure to long days failed to appear 
on plants in the 38-day group after September 6. This date was 27 days 
after these plants were moved (on August 10) from long days (conducive 
to runner formation) to short days (inhibiting runner formation). Assum¬ 
ing that initiation of runner primordia ceased immediately after the plants 
were placed in short days, these observations would indicate that about 27 
days are required after the start of physiological conditions leading to initia¬ 
tion of runner primordia, before the primordia become macroscopically 
visible. 

Further evidence on the length of time between the beginning of initia¬ 
tion of runner primordia and the first visible evidence of runners is given 
by the appearance of runners in the 38-day group on October 21. This 
group of plants was placed in long days on September 17, when, presumably, 
the physiological conditions leading to initiation of runner primordia were 
started. Thirty-four days later (October 21), runners were macroscopically 
visible. The length of time elapsing from beginning of conditions favorable 
to runner formation and macroscopic visibility was thus established to be 
27 days in one case, 34 days in the other. This time interval is for the Mis¬ 
sionary variety only; for other varieties a different value would perhaps be 
found. 

The results of the experiment on the translocation of a flower-forming 
stimulus in the strawberry lend support to certain evidence secured by 
workers with other plant species; namely, that the leaves, when subjected to 
the proper photoperiodic conditions, will cause the plant to become repro¬ 
ductive even though the remainder of the plant is held under photoperiodic 
conditions unfavorable to the initiation of the reproductive state. This ob¬ 
servation indicates that the portion of the plant sensitive to the photoperi¬ 
odic treatment is the leaf. It would seem justifiable to assume that a stim¬ 
ulus is translocated from the leaves to the growing point of the plant to cause 
initiation of the reproductive state. To explain why more of the plants be¬ 
came reproductive when a higher percentage of the leaf area was held under 
short days, one may suggest that a larger quantity of the flower-forming 
stimulus is perhaps produced by the greater number of leaves under short 
days. 

In experiment IY plants were induced to become reproductive even 
though they were grown under photoperiodic conditions (long days) defi¬ 
nitely known to be unfavorable to the development of the reproductive state 
in the strawberry. This reproductive condition was caused by the attach- 
ipspnt of these plants by runners to other plants which were growing under 
fmotoperiodic conditions (short-days) favorable to the initiation of the re¬ 
productive state and which were themselves producing flowers. These con¬ 
ditions are illustrated in figure 2. The runner plants used in this experi¬ 
ment were undoubtedly dependent upon the parent plants, at least early 
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in their existence, for food materials. Those runner,plants which were kept 
defoliated were more dependent for materials upon their parent plants than 
the runner plants whose leaves developed normally. As table VI shows, how¬ 
ever, both groups became reproductive, developing flower clusters, although 
the non-defoliated plants formed flower clusters more rapidly. Stout, in 
his work (9) with the sugar beet, concluded that the reproductive-inducing 
substance may be translocated with the carbohydrates. According to the 
results of the present investigation, the substance inducing reproduction 
moved equally well under conditions where different amounts of carbohy¬ 
drate movement could be expected. The flower-inducing stimulus may have 
been translocated, however, with the carbohydrate stream very early in the 
life of the runner plants, when both groups were largely dependent upon 
their parent plants for food materials. 

Generally the production of runners (vegetative state) and the forma¬ 
tion of flower clusters (reproductive state) in the strawberry seem to be 
antagonistic. That is, conditions favoring one tend to inhibit the other. 
This situation occurred in all cases in this investigation with the exception 
of the one test in which the plants were grown under the artificial conditions 
of long days (14 hours) and long nights (14 hours). Here the same plants 
produced runners and flower clusters simultaneously. This observation 
would indicate, therefore, that the occurrence of the vegetative state does not 
necessarily preclude reproductive development. That is, the vegetative and 
reproductive states may occur simultaneously, at least in the strawberry, 
provided the environmental conditions are favorable. 

Summary 

1. Missionary strawberry plants were grown under controlled-euviron- 
ment conditions, with the temperature and day-length regulated, for the 
purpose of studying the effect of these factors on the vegetative and repro¬ 
ductive responses of this plant. 

2. Strawberry plants showed about the same positive reproductive re¬ 
sponse to short photoperiods whether they were grown at constant tempera¬ 
ture or at daily fluctuating temperature. 

3. A 20-hour photoperiodic cycle (10 hours light and 10 hours darkness) 
failed to result in runners. A 28-hour photoperiodic cycle (14 hours light 
and 14 hours darkness) did cause runner production. 

4. Flowers were formed under both the 20- and the 28-hour photo¬ 
periodic cycle. 

5. Photoperiodic induction was found to occur in the strawberry. For 
the Missionary variety, exposure to seven short photoperiods resulted in 
flower formation although the plants were subsequently removed to long 
days. Exposure to three short photoperiods failed to result in floral de¬ 
velopment. 

6. Flower formation occurred in strawberry plants held under long days 
provided one or more leaves were subjected to short photoperiods. Runner 
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plants growing in long days were induced to flower, provided they remained 
attached by a runner to parent plants growing in short days. 

The author wishes to acknowledge the helpful advice of Da. L. D. Davis 
and Dr. J. P. Bennett during this investigation. 

Division of Pomology 

University of California 
Davis, California 

LITERATURE CITED 

1. Cajlachjan, M. H. On the hormonal theory of plant development. 

Compt. Rend. (Doklady) Acad. Sci. U. R. S. S. 3 : 442—447. 1936. 

2. Darrow, G. M. Inter-relation of temperature and photoperiodism in 

the production of fruit-buds and runners in the strawberry. Proe. 
Amer. Soe. Hort. Sci. 34 : 360-363. 1936. 

3 . -, and Waldo, G. F. Responses of strawberry varieties 

and species to duration of the daily light period. IT. S. Dept. Agr. 
Tech. Bull. 463. 1934. 

4. Hamner, K. C., and Bonner, J. Photoperiodism in relation to hormones 

as factors in floral initiation and development. Bot. Gaz. 100: 
388-431. 1938. 

5. Hartmann, H. T., and McKinnon, L. R. Environment control cabinets 

for studying the inter-relation of temperature and photoperiod on 
the growth and development of plants. Proc. Amer. Soc. Hort. 
Sci. 42 : 475-480. 1943. 

6. Loehwing, W. F. Locus and physiology of photoperiodic perception in 

plants. Proc. Soc. Exp. Biol, and Med. 37: 631-634. 1938. 

7. Mobhkov, B. S. Role of leaves in photoperiodic reaction of plants. 

Bull. Appl. Bot. Gen. and PI. Breed., Ser. A. 17 : 25-30. 1936. 

8. Sachs, J. Gesammelte Abhandlungen iiber Pflanzenphysiologie. Leip¬ 

zig. 1: 229-260. 1892;2:1168-1170. 1893. 

9. Stout, M. Translocation of the reproductive stimulus in sugar beets. 

Bot. Gaz. 107: 86-95. 1945. 



CAROTENOID PIGMENTS IN TUBERS OP THE KATAHDIN 
VARIETY OF IRISH POTATO 

Byeon C. Brunstetter and Herbert G. Wiseman 

(with one figure) 

Received March 20, 1947 

Introduction 

Flesh color in Irish potato varieties ranges from almost pure white to 
a deep canary yellow. The yellowish tinge of “white-fleshed” varieties 
is intensified after dehydration, becoming a definite yellow if the tubers 
have been harvested in an immature state, as is the case with material 
grown in the south ( 1 , 2 ). 

This residual yellow’ color, when it occurred, was at one time considered 
by the Army Quartermaster Corps to be due to a faulty technique in 
dehydration and as a result such material was graded downward. It was 
soon recognized, however, that this yellow color was due to the presence 
of naturally occurring carotenoid pigments. Caldwell, Brunstettek, 
Culpepper, and Ezell (3) showed that 19 “white-fleshed” varieties, rep¬ 
resenting fully-matured material, averaged 0.021 mg. of total carotenoid 
pigments per 100 gm. fresh weight, while 3 normally vellow-fleshed varieties 
averaged 0.138 mg. per 100 gm. fresh weight. This means that when the 
total concentration of carotenoid pigments is about 1 p.p.m. on a dry weight 
basis, the yellow color of the dried product will be slight. When the total 
pigment concentration is about 7 p.p.m. dry weight, the dried product will 
have a marked yellow color. One of the findings of the present paper is 
that in the case of the Katahdin variety, harvested in an immature state, 
there was still a pronounced yellow’ color in the dried product when the 
concentration of carotenoid pigments was 3 p.p.m. dry weight. 

This paper reports an intensive study of the carotenoid pigments in three 
samples of the Katahdin variety, with the purpose of separating and identi¬ 
fying as many of the pigments as possible. 

Review of literature 

Critical work on the number and nature of carotenoid pigments present 
in Irish potatoes is very scanty. Schmid and Lang (13) analyzed yellow 
internal regions of the Kipfler variety in connection with the so-called 
“yellow-fleck” disease. From the saponified epiphase fraction they iso¬ 
lated a xanthophyll pigment w’hich was purified by adsorption on a CaCO, 
column. Its spectral absorption curve had maxima at 4380 and 4660 A, so 
that they identified the pigment as “beta xanthophyll.” A second pig¬ 
ment, isolated from the hypophase fraction by adsorption on CaCO s , had 
absorption maxima at 4435 and 4725 A, which as the authors noted, are 
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characteristic both of violaxanthin and taraxanthin. Incidentally, these 
absorption maxima are given by Zechmeister and Tuzson (16) for the beta 
isomer of luteol. A third pigment isolated from the epiphase fraction by 
adsorption on A1 2 0 8 showed broad absorption maxima at 4490 and 4770 A 
and according to the authors resembled the absorption spectrum of alpha- 
carotene. 

Euler, Ahlstrom, Hogberg, and Tingstam (4) in a nutritional study 
of the value of the carotenoid pigments from steamed samples of a number 
of yellow-fleshed varieties of potatoes grown in northern Sweden, sepa¬ 
rated carotene by chromatographic adsorption on a column of Brockman’s 
aluminium oxide. The total carotenoid pigments ranged from 0.77 to 2.58 
p.p.m. fresh weight, with the carotene content varying from 0.066 to 0.10 
parts per million. 1 


Methods and materials 

Three grades of petroleum ether, referred to as Sk F, Sk B, and Sk C\ 
were purified by stirring successively with concentrated H 2 S0 4 , acid 
dichromate solution, NaOH, and four changes of distilled water. After 
stirring with, then filtering through, silica gel the lots of petroleum ether 
were distilled over solid KOH. Industrial absolute ethanol was used with¬ 
out purification. 

Regarding the chromatographic apparatus, two details of design should 
be noted: (1) the tube in which the adsorbent was packed had a sintered 
glass filter at the bottom; (2) the tube was jacketed to provide cooling by 
continuous circulation of absolute ethanol refrigerated by a mixture of 
solid carbon dioxide and ethanol. This insured chromatographic analyses 
at a temperature between - 50° and - 60° F. The adsorbent suspended in 
Sk F was packed in the chromatographic column by pressure from a tank 
of nitrogen. After introduction of the sample, the solvent necessary for 
the development and elution of the various carotenoid zones was forced 
through the column by this source of pressure. These zones were caught in 
separate receivers. 

An advantage of a refrigerated column is that it permits the use of 
Sk F whose low boiling point facilitates evaporation in vacuo at room tem¬ 
perature. Since the force of adsorption increases as the temperature is 
decreased, adsorbents such as magnesium carbonate, the decahydrate of 
sodium sulphate, or sucrose, which adsorb so feebly at room temperature 
as to be quite unsatisfactory, perform excellently at low temperatures such 
as - 50° F. Finally chromatographic analyses at low temperatures retard 
change# such as formation of stereoisomers, or oxidation of unstable caro¬ 
tenoids. 

Absorption data were obtained by a photoelectric spectrophotometer 
which, has a Hilger double monochromator with quartz optics. The slit 
' i The figure* referring to the results of Euler and associates as given in reference (3) 
should be divided by 100. 
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width generally used was 0.06 mm. giving a spectral isolation of one milli¬ 
micron for the mercury line located at 4358.3 A, which was used for the 
routine calibration of the wave length scale. 

The data are expressed in terms of optical density which is equal to the 
difference between the log incident light (I 0 ) and the log transmitted light 
(I). The density is the product of (a) the specific absorption coefficient, 
(b) the concentration in grams per liter of solution, and (c) the cell length 
in centimeters. 

The first sample consisted of Katahdin potatoes that had been grown 
in Maine during the season of 1943. Normal maturing of the tubers was 
retarded by a cold rainy autumn; in fact the vines had to be killed by 
spraying with chemicals in order to harvest the crop. Accordingly the 
amount of carotenoid pigments was sufficiently great to impart a strong 
yellow color to the dried product. Before dehydration, the strips of pota¬ 
toes were treated with sulphur dioxide to prevent heat-reddening. 

The second lot of Katahdin potatoes was grown in Baton Rouge, Louisi¬ 
ana, in the spring of 1944. It was also relatively immature so that the 
dried product had a yellow color. Undried potatoes (Sample II) were 
analyzed as well as potatoes treated with sulphur dioxide after steam 
blanching and before drying (Sample III). 

The preparation of the crude carotenoid solutions, essentially similar 
for the three samples, is described in the following steps: 

1. The samples were extracted with absolute ethanol. 


Rample Grown in 


Condition- 


Dry 

weight 


Ground in ball mill with ethanol 


1 Maine 
II Louisiana 
III Louisiana 


Undried 

Dried 

Dried 


1303 gm. as finely ground powder 

1000 “ as slices previously extracted with ethanol 

1000 “ as Julienne strips 


After the undried sample was washed, the skin was removed by vigor¬ 
ous nibbing with towels. The sliced sample weighing 8056 gm. was de¬ 
hydrated and partially extracted with ethanol at about 10° C. for 6 days. 
After decanting the extract, the residue was ground under ethanol in a 
ball mill. 

2. The alcoholic extracts were filtered and transferred to Sk P by the 
addition of excess distilled water, concentrated in vacuo, and washed free 
of residual ethanol. In the removal of these pigments from the ethanol 
extract, NaCl was used to break up emulsions and to reduce the solubility 
of hydroxylated carotenoids in ethanol. Care was taken to remove all the 
pigments from the ethanol extract. 

3. The carotenoids were then partitioned between Sk F and 92% 
methanol. The upper layer (epiphase) was freed from methanol by wash¬ 
ing with water, concentrated in vacuo, and made up to volume. The lower 
layer (hypophase) was transferred to Sk F by the addition of excess NaCl. 
At this point also the danger of incomplete extraction of hypophasic pig¬ 
ments was recognized and avoided as much as possible. The petroleum 
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ether phase was then washed with water to remove methanol, concentrated 
in vacuo, and made up to volume. 

Heating in order to concentrate extracts was avoided throughout all 
operations in order to prevent acceleration of reversible stereoisomcric 
changes or processes of decomposition. 

Experimental results 

A 10-ml. aliquot from the hypophase stock solution (50 ml.) of Sample I 
was chromatographed on a column of confectioners’ sugar containing 3% 
starch. Eight zones were developed and eluted into separate containers. 
Spectrophotometric readings of the corresponding solutions made at wave 
lengths of 4000, 4450, and 4700 A amounted to 93, 88, and 102%, respec¬ 
tively, of the readings of the unchromatographed solution measured at the 
same wave lengths. Here, as throughout this work, development and 
elution of the various zones were obtained by the successive use of solutions 
of ethanol in petroleum ether, with a low initial concentration (0.05%) 
which was increased by small amounts, such as from 0.1 to 0.2%, to an 
upper concentration determined by the intensity with which the top zone 
was adsorbed. The judicious use of weak and increasingly concentrated 
solutions of ethanol in petroleum ether has often been of decided aid in 
the separation of fractions whose forces of adsorption were nearly alike. 

The volume of hypophase stock solution of Sample 11 was 100 ml. An 
aliquot (10 ml.) was sent through a column of MgCO, on top of which was 
a cap of confectioners’ sugar. A fraction containing colorless impurities 
was readily separated. The remaining pigments were rapidly eluted with 
3% ethanol in Sk F, evaporated to dryness, and redissolved in a small 
volume of Sk F. This solution was then fractionated on successive columns 
of confectioners’ sugar. Twelve zones were developed and collected sepa¬ 
rately. 

However, the separation of the components of the hypophase fraction 
from Sample III presented difficulties. Adsorption on a column of con¬ 
fectioners’ sugar alone was so great that effective development of different 
zones was impossible. Excellent separation was obtained on a column of 
Na 2 S0 4 alone and mixed in various proportions with confectioners’ sugar. 
Thirteen components were developed by elution but in spite of the fact 
that the column was cooled to a low temperature, only 54% recovery, mea¬ 
sured at 4400 A, was obtained. This loss was largely avoided by the use 
of Na 2 S0 4 * 10H 2 O, alone and as a diluent of confectioners’ sugar. From 
a 10-ml. aliquot of a 100-ml. stock solution 21 components, most of them 
minor in amount, were developed and eluted separately and a recovery of 
88% measured at 4400 A, was obtained. 

For the, benefit of workers who may desire to use this last absorbent, 
a few remarks on technique may be helpful. After preparation of 
Na*80* • l0H 2 O, it was stored under 95% ethanol. In preparation for a 
run a portion was placed on a Buchner funnel and washed free of ethanol 
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solution by the use of petroleum ether. The salt was then suspended in 
Sk F and stirred several minutes in a Waring Blendor. The absence of 
free water is essential because if present in a refrigerated column it will 
freeze so that elution becomes excessively slow. 

Toward the end of this investigation, preliminary stirring in a Waring 
Blendor of any adsorbents suspended in Sk F was adopted as a routine 
procedure, since it greatly facilitated uniform packing of a column, a con¬ 
dition necessary for difficult separations. 

In every one of the hypophase fractions of the three samples the first 
zone to be eluted had essentially the same spectral absorption character¬ 
istics. While maxima and minima were lacking in the visible region of 
the spectrum, there were large and rapid increases in densities as the wave 
length was decreased to 3400 A, the lower limit of our measurements. 
The absorption curves for these bottom zones were similar to an absorption 
curve published by McNicholas (10) for a solution of lutein stored 164 
days. These zones contained a relatively large amount of colorless im¬ 
purities. easily soluble in petroleum ether and difficultly soluble in ethanol. 
The impurities could be readily removed by lowering the temperature of 
the ethanol solution in a freezing mixture and then decanting. Experi¬ 
ment showed that they were not responsible for the marked absorption in 
the near ultraviolet region. 

Spectrophotometric data on hypophase sub-fractions of the three sam¬ 
ples are given in table I. The solvent for the fractions in Sample I was 
Sk B; for the fractions in Sample II and III, the solvent w r as ethanol. The 
wave lengths of the maxima, minima, and shelves or plateaus are tabulated 
together with their relative densities (R.D.) based on the densities of the 
principal maxima. The fractions or zones are numbered according to their 
relative adsorbability. The smaller the number, the less was the adsorbabil- 
it.v of the pigment and the nearer its position to the bottom of the column. 
In Sample III, a number of chromatographic analyses were made involving 
different columns; the numbers here denote relative ease of adsorption. 
Fractions omitted fall into two classes: (a) those that appeared to be mix¬ 
tures and (b) those with concentrations so low that only a few readings 
could be obtained. 

Lutein 

Fraction 4, Sample II (with ethanol as a solvent) showed good agree¬ 
ment in details of absorption with the curve published by Zscheile, White, 
Beadle, and Roach (18) with the exception that the maximum at 4775 A 
and the minimum at 462") A were displaced slightly toward the ultraviolet. 

Fraction 3, Sample I also was lutein. The absorption curve indicates 
that in this case stereoisomers of lutein were present. According to Zech- 
meister and Tuzson (16) lutein, like other carotenoids, can be reversibly 
isomerized. They found two isomers in approximately equal, amounts com¬ 
prising about 40% of the initial material. Dissolved in ethanol, neolutein 
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TABLE I 

8PECTR0PH0T0METBIC DATA ON CAROTENOID PIGMENlS (HYPOPHASE FRACTIONS) 

from Irish potato tubers 


Fraction 

Maxima 

R.D.* 

Minima 

R.D. 

SHELVE8 

R.D. 

Sample I 

A 


A 



A 

3 

4430-4460 

100 

4600-4620 

71 




4720-4730 

89 

4260-4270 

69 




4200-4220 

69 





4 

4460-4490 

100 

4330-4350 

93 

4000-4100 

68 


4270 

95 





5 

4420 

100 

4580 

73 

4200-4250 

77 


4680-4690 

83 





6 

4200 

100 

. 4050 

69 




4480 

94 

4350 

69 




3975 

76 





7 

4480 

100 

4350 

71 

4600-4750 

42 


4200-4230 

97 





8 

4260 

100 

4120 

74 

4420-4470 

63 


4010 

93 





Sample II 







4 

4460 

100 

4610 

73 




4750 

90 

4250-4260 

70 




4230-4240 

70 





5 

4460 

100 

4610 

71 

4200-4250 

68 


4720-4740 

91 





7 

4250 

100 

4400-4430 

81 

4000-4100 

78 


4500 

87 





9 

4445 

100 

4620 

72 




4725 

90 

4275 

70 




4225 

71 





10 

4400-4450 

100 

4600 

77 




4650-4700 

82 





12 

4260 

100 

4125 

74 




4025 

83 





Sample III 







6 

4425-4450 

100 

4600-4625 

77 

4200-4250 

73 


4700-4750 

87 





8 

4400-4425 

100 

4600 

76 

4180-4250 

75 


4680-4700 

85 



4200-4250 

84 

11 

4420 

100 



4200-4250 

84 






4600-4700 

86 

14 

4450-4480 

100 

4600-4625 

76 

4200-4250 

70 


4725-4760 

90 





16 

4400-4500 

100 

4625 

80 

4550-4600 

j 83 


4700 

91 





17 

4425-4475 

100 



4250-4300 

91 






4675-4700 

90 

18 

4400 

100 

4600 

78 

4200-4250 

80 


4650 

81 





19 

4450-4500 

100 

4350 

94 

4250-4300 

96 






4700-4725 

70 

20 

4400-4475 

100 

1625 

80 

4250-4300 

87 


4700 

80 





21 

4440-4460 

100 

4350 

92 

4625-4700 

65 


4200-4220 

99 






* Relative density based on the densities of the principal maxima. 

A gave absorption maxima at 4710 and 4420 A; the corresponding maxima 
for neolutein B occurred at 4720 and 4430 A. The broad absorption maxima 
of Fraction 3, Sample I was evidence for the presence of stereoisomers. 
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Further evidence was the presence of a slight peak at 3300 A, for Zech- 
meister and PolgAr (17) state that lutein in equilibrium with its two 
isomers shows a maximum (the “cis peak”) at 3310 A (hexane). 

The concentration of lutein in parts per million dry weight was 0.50 in 
Sample I, and 0.77 in Sample II. 

In the processing of Sample III, the strips of potato tissue were steam- 
blanched for 7 minutes, then placed immediately in a sulphurous acid 
solution (0.25/4 ) for 30 seconds. As a result the dried product had a 
pronounced taste, and the initial alcoholic extract had a pronounced odor 
of sulphur dioxide. As previously stated, the hypophasie pigments with 
the exception of the first fraction were adsorbed on a column of confec¬ 
tioners’ sugar far more strongly than the hypophasie pigments of the other 
two samples. This pronounced increase in adsorption may be interpreted 
as due to an increase in the number of hydroxyl groups in the various caro¬ 
tenoid pigments of this sample, a chemical change which need not necessarily 
be accompanied by more than slight changes in the absorption spectra. 
These considerations, along with the presence of a shelf instead of a maxi¬ 
mum and a minimum in the region 4200-4260 A, appear to rule out Frac¬ 
tion 6, the first major hypophasie fraction of Sample III, as lutein. 

Fraction 5, Sample II, was adsorbed immediately above lutein and its 
absorption curve was closely similar to lutein. The chief difference was 
the absence of a maximum and a minimum in the region 4200-4260 A. Con¬ 
sequently, this fraction is tentatively identified as isolutein. 

Flavoxanthin 

This pigment, it will be recalled, was first isolated by Kuhn and Brock- 
mann (9) from Ranunculus acer (buttercup). Karrer and Jucker (5) 
showed that its molecule has two hydroxyl groups, and that the third O 
atom is present in an ether-like bond. Strain (14) demonstrated its pres¬ 
ence in green leaves and showed that it is adsorbed above lutein on a mag¬ 
nesia column. Strain’s measurements of its absorption curve in ethanol 
solution located the maxima of the two flavoxanthin isomers at 4220 and 
4520 A. Among the seven xanthoplivlls which Strain isolated from green 
leaves, flavoxanthin alone has absorption maxima at these positions. 

According to the absorption data in table I for Fraction 6, Sample I, this 
fraction was a flavoxanthin. Fraction 7, Sample II, does not check well 
with Strain’s data, and it is probable that this fraction contained impuri¬ 
ties which rechromatographing would have removed. A third fraction, 21 
from Sample III, also possessed maxima whose positions approximated those 
of flavoxanthin. However, in view of its relative adsorbability and the 
lack of agreement in details with the spectral adsorption curve of flavo¬ 
xanthin, it is improbable that this fraction contained flavoxanthin. 

Auroxanthin 

This pigment, isolated and described by Karrer and Rutschmann 
(7, 8), is distinguished by sharp absorption maxima of equal intensity 
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located at 4030 and 4280 A. Absorption maxima of lesser intensities are 
located at 3820 and 2940 A. 

The absorption data for Fraction 8, Sample I, and Fraction 12, Sample 
II, had very sharp absorption maxima which checked closely with the two 
principal absorption peaks of auroxanthin. As in the case of auroxanthin, 
inflections between 4400 and 4500 A were present. No examination of the 
absorption was made in the region below 3500 A. In our preparation there 
were shelves instead of peaks in the region 3800-3900 A. Furthermore, 
the densities at 4280 and 4030 A were unequal. Further work on a more 
highly purified preparation would be necessary to establish the identity 
between this pigment from potato tubers and auroxanthin. 

The remainder of the hypophasie pigments listed in table I could not be 
identified. 

Epiphase fractions 

The epiphase portion of Sample I was dissolved in Sk F and adjusted 
to a volume of 50 ml. For chromatographic analysis, an aliquot of 5 ml. 
was poured on a column of MgCO., on top of which was a layer of confection¬ 
ers’ sugar. Elution with Sk F alone separated the yellow bottom zone which 
was the main fraction. Six other zones were developed and separated by 
elution with solutions of ethanol in Sk F, starting with a 0.1% solution and 
going by steps to a 3% solution. The third zone from the bottom was further 
fractionated into a blue zone (which later in the course of elution changed 
to a green color) with a yellow zone immediately above it. The fourth zone 
from the bottom was green in color. On top of the layer of sugar there was 
a blue zone which could not be eluted with a 3% ethanol solution. These 
interesting zones were not examined spectrophotometrically. 

The bottom zone (fraction 1) w r as rechromatographed on the same 
type of column. A major bottom zone (fraction 1-1) with two yellow 
zones adsorbed above it were separated. Absorption curves of these upper 
zones showed no maxima or minima; both fractions showed a continuous 
increase in density with sharp increases in rate at 3800-3700 A. The 
curves were similar to the absorption curves of the first zones eluted from 
the hypophase fractions. 

In the course of this work on the epiphase solutions, commercial beta- 
carotene was purified by several recrystallizations from Sk F by additions 
of ethanol and its absorption spectrum was measured. The data will be 
given here for comparison with the carotene fractions listed in table II: 
4525 A, density 100; 4805 A, 87.90; 4700 A, 81.0; 4300 A, density 70.7. 

As shown in table II, Fraction 1-1 from Sample I checked fairly well 
with beta-carotene as regards relative densities; though, as might be ex¬ 
pected from unrecrystallized material, there was a displacement of the mini¬ 
mum and the principal maximum toward the ultraviolet. At wave lengths 
below 400 A the density increased to 3000 A, parallel to that of the other 
tWo fractions. The pigment was unstable, for the densities of the principal 
maxima changed during measurement. This might have been predicted for 
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(a) the sample had been ground to a fine powder and (b) the original 
ethanol extract had been stored for about 3 weeks' at -40° C. 

The concentration of Fraction 1-1, calculated as carotene, was 0.38 
p.p.m. dry weight. 

The epiphase solution of Sample II also was a complex mixture of 
carotenoid pigments. An aliquot of 5 ml. from a stock solution of 50 ml. 
was chromatographed on a column of MgC0 3 . At least nine zones were de¬ 
veloped, six of which were obtained separately by elution. The third zone 
from the bottom was a composite of an orange zone, two yellow zones, and 
a greenish zone. The sum of the densities measured at 4500 A was 94.6% 
of the unchromatographed epiphase solution, evidence of minor loss only. 

As in the case of Sample I, the bottom zone was the main fraction; mea¬ 
sured at 4500 A its density was 42% of that of the total carotenoids in the 
epiphase solution and 9% of the total carotenoids in both hypophase and 
epiphase solutions. Calculated as carotene, this fraction was present in a 
concentration of 0.31 p.p.m., dry weight. 

Referring to the spectrophotometric details given under 1, Sample II, 
in table II, the broad absorption maximum at 4485-4520 A, the shift in posi¬ 
tion of maxima and minima toward the ultraviolet and the presence of a 
shelf in the curve at 4250-4300 A indicate that this fraction was a mixture 
of stereoisomers. The relative densities checked with those of all-trans-beta- 
carotene with the exception that the curve in the region of 4300 A was about 
10% too high. 

Fraction 2, adsorbed immediately above fraction 1, was particularly 
interesting since the relatively high density from 4270 to 4330 A indicates 
a carotenoid component with an absorption maximum in this region. This 
point will be reexamined later. 

Analyses of the absorption curves of the other zones in Sample II indi¬ 
cated that they too were mixtures, a peculiarity of the third (composite) 
zone from the bottom being the presence of a pronounced absorption peak 
at 4120 A. 

This run confirmed the results of the analysis of the epiphase fraction 
of Sample I in showing that a column of MgC0 3 even when cooled below 
- 50° C. was not efficient in separating epiphasic pigments, at least in a 
single chromatography. Very probably repeated chromatography would 
have given a better separation. The results clearly show, however, that in 
the absence of factors such as treatment with S0 2 and drying, a complex 
mixture of pigments is obtained not only in the hypophase, but also in the 
epiphase fraction. 

When a 10-ml. aliquot of the epiphase fraction of Sample III (100 ml. 
Sk F) was chromatographed on MgC0 3 spectrophotometric measurements 
of the bottom (main) fraction (table II, Sample III; Run 1-a) showed at 
once that the relative density at 4275 A was much higher than was the case 
in the other two samples. This high ratio was present also in the case of 
the other three upper zones. Rechromatographing this first fraction on a 



430 


PLANT PHYSIOLOGY 


column with a bottom layer of confectioners’ sugar, a main layer of 
Ca(OH) 2 , and a top layer of MgCO s , did not change essentially the relative 
density at 4275 A. Calculated in terms of carotene, this first fraction was 
present in a concentration of 0.61 mg. per kg. dry weight, almost twice the 
values obtained for the “carotene” fractions of the first two samples, evi¬ 
dence that it was impure. This bottom zone had a density at 4400 A that 
was 55% of the total epiphasic density. 

The separation was repeated using a 30-ml. aliquot and chromatograph¬ 
ing twice on columns of MgCO s , a middle layer of equal parts of MgC0 3 
and Ca(OH) 2 , then a bottom layer of confectioners’ sugar. Five zones were 
separated. The ratios of the density values at 4300 and 4500 A were 75 
and 238% for the bottom and top zones respectively, showing definitely that 
both the main fraction in the previous run and the zones adsorbed above it 
had been contaminated with a pigment absorbing strongly near 4300 A. 

The top zone was then chromatographed three times on a column of 2 parts 
of Ca(OH) s to 1 part of MgC0 3 . The final product was characterized by 
a density at 4300 A that was 626% of the density at 4500 A. Detailed spec- 
' trophotometric analysis of this fraction dissolved in ethanol showed the 
characteristics listed in table II, Sample III, Run 1-b, Fraction l-a-5-c-2. 

In spite of repeated chromatographic analyses, this yellow fraction con¬ 
tained a lower pink zone in relatively small amount which could not be 
eluted separately. Apparently it did not interfere with the absorption of 
the yellow zone as the peaks and minima of the latter were very sharp, and 
corresponded closely with values for a carotenoid given the provisional name 
of ^-carotene by Strain and Manning (15). This carotene has been found 
in carrots, yellow corn, and in certain strains of tomatoes. A review of the 
literature has been given recently by Nash and Zscheile (11) who have 
measured its absorption spectrum and present specific absorption coeffi¬ 
cients. They state that ^-carotene exhibits typical isomerisation phenomena 
and suggest that it may occur in nature in a wide variety of sources. Re¬ 
cently Porter, Nash, Zscheile, and Quackenbush (12) have found that 
^-carotene is biologically inactive as provitamin A. 

To check on the carotene nature of sub-fraction l-a-5-c-2 (^-carotene) 
it was dissolved in Sk F and shaken for one hour at room temperature with 
20 ml. of a saturated solution of KOH in methanol. Subsequent partition 
by shaking with methanol showed that no pigment transferred to the 
methanol layer, and that therefore ^-carotene is not an esterified carotenol. 
It was then transferred to ethanol, made up to volume, and remeasured after 
a month’s storage at -4° C. A marked general decrease in density was 
noted. A slight maximum at 3550-3600 A and a slight minimum at 3600 A 
were observed. 

The presence of ^-carotene was confirmed by a second preparation (Run 
2). A subsample of III weighing 334 gm. was extracted by grinding over¬ 
night in the ball mill in the presence of two grams of CaCO s using specially 
purified absolute ethanol. An aliquot of the filtrate equivalent to 230 gm. 
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of sample was transferred to Sk F, concentrated Jo a volume of one liter, 
then shaken twice in two 500-ml. portions with successive charges of 25 ml. 
of methanol saturated with KOH. The pigments were partitioned in the 
usual manner between 92% methanol and Sk F and the two fractions ob¬ 
tained were then transferred to Sk B. 

Twenty-five ml. of the epiphase fraction (100 ml.) were chromato¬ 
graphed on a column composed of 40% of Ca(OH) 2 and 60% of MgC0 3 . 
This separation was unsuccessful; so the pigments were eluted with 4% 



Fio. 1. Absorption spectium of £ carotene, separated from crude carotene of 
epiphase solution, from tubers of Kntnhdin variety of Irish potatoes. 

ethanol in Sk F, evaporated to dryness in vacuo, and redissolved in Sk B. 
The second column was composed of MgCO, with a top layer of confec¬ 
tioners’ sugar. The bottom zone obtained from this column was rechromato¬ 
graphed on a column of 20% Ca(OH) 2 and 80 /c MgCOj. A yellow bottom 
zone was eluted with Sk F alone (see table II, Run 2, 2-a; this pigment 
could not be identified). The zone above it was composed of two sub-frac¬ 
tions (the lower, pink in color; the upper, yellow) which could not be sepa¬ 
rated sufficiently to be collected separately. The next zone was minor in 
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amount. At the top of the column there was a yellow zone which was eluted 
with 0.5% ethanol in Sk P and collected separately. The details of the 
absorption curve (see table II, Sample III, Run 2-d; compare with 
l-a-5-c-2) checked with those of the previous run and showed moreover 
a slight peak at 3600 A. This curve is reproduced in figure 1. In this run 
the amount of ^-carotene obtained was 134% of the amount obtained in the 

TABLE II 

Spectbophotometric data on carotenoid pigments (epiphase fractions) 
prom Irish potato tubers 


Fraction 

Maxima 

R.D. 

Mimima 

R.D. 

Shelves 

R.D. 

Sample It 

A 


A 




i-i 

4500 

100 

4650 

79 




4800 

90 





Sample lit 







1 

4485-4520 

100 

4660 

82 

4250-4300 

78 


4760 

89 





2 

4445 

100 

4630 

76 

4270-4330 

89 


4720 

81 

I 





4200 

90 





Sample III* 







Run 1-a 1 

4500 

100 

4687 

84 




4775 

86 

4350 

85 




4275 

94 





Run 1-b: 1-a-l-a 

4450 

100 

4600 

77 

4200-4500 

73 


4760 

89* 





1-a-l-b 

4500 

100 

4725-4750 

84 




4725 

85 





l-a-3-4-b-3 

4475 

100 

4650 

82 

4250 

73 


4725 

86 





l-a-5a 

4500 

100 

4700 

82 




4750 

85 

4340 

83 




4250-4275 

86 





l-a-5-c-2 

4240 

100 

4150 

53 




4000 

99 

3880 

56 

. 



3800 

69 





Run 2: 2-a 

4525 

100 

4700 

85 

4200 

701 


4775 

86 





2-b 

4500 

100 

4700 

83 

4300-4350 

80 


4750 

86 





2-d 

4260 

100 

4150 

56 




4010 

98 

3900 

58 




3800 

67 

3650 

48 




3600 

50 






* Estimated by extrapolation, 
t Inflection. 

t Solvents: Sample I, Sk B; Samples II and III, ethanol. 


previous preparation. The density at 4250 A was 12.5% of the entire epi¬ 
phase fraction. Using the value of 226 for the specific absorption coefficient 
of fcarotefie at 4260 A (Nash and Zscheile), the concentration of £-caro- 
tene was calculated to be 0.11 p.p.m. dry weight. 

Returning now to the description of the remaining four zones of Run 
1-b, the bottom zone, 1-a-l, was rechromatographed on a column whose 
top and bottom layers were confectioners’ sugar and whose main part con- 
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sisted of a mixture of 2 parts of CaOH 2 and one part of MgCO s . Two sub- 
fractions, 1-a-l-a and 1-a-l-b, were separated. It is apparent from the 
spectrophotometric data in Table II that neither of them was trans-beta- 
carotene and that probably they consisted in whole or in part of cis-trans 
stereoisomers. The ratio of densities at 4300, 4500 and 4800 A for the two 
fractions above the bottom zone checked with the corresponding ratios for 
pure trans-beta-carotene. Calculating their sum as carotene the concen¬ 
tration was 0.19 p.p.m. dry weight, about one-third the concentration of the 
crude carotene fraction. 

Unfortunately complete curves were not obtained for these fractions 
or for the fourth zone from the bottom. Instead the third and fourth zones 
from the bottom of the column were combined and rechromatographed on 
a column consisting of a sugar base, a middle layer of Ca(OH) 2 and one 
part of MgC0 3 . Three zones were obtained. Data on the top zone are 
listed in table II under l-a-3-4r-b-3. This fraction dissolved in ethanol 
was stored at - 4° C. for one week and then remeasured. No displacement 
of absorption peaks had occurred, and the density was only slightly less. 
This fraction corresponded closely as regards location of peaks and relative 
densities to neo-beta-carotene-U as described bv Zechmeister and PolgIr 
(17). 

As noted above, the top zone was chromatographed three times on 
columns consisting of 2 parts of Ca(OH) 2 and 1 part of MgC0 3 in the 
separation and purification of ^-carotene. A fraction obtained after the 
first chromatographic separation was further resolved and studied in detail. 
Pertinent data are given in table II under fraction l-a-5-a. The absorp¬ 
tion curve indicated that an unidentified cis type of carotenoid was present. 

Discussion 

In this work, in spite of the fact that the total amount of carotenoids 
available for investigation was only about 3 mg., at least a dozen different 
zones representing different carotenoid pigments were developed on chro¬ 
matographic columns though not all these could be separated in a form 
suitable for analysis. 

Among them perhaps the most interesting were the two pigments with 
sharp major absorption peaks around 4000 and 4250 A. One of these was 
in the hypophase portion and was located at the top of columns of confec¬ 
tioners’ sugar. As already noted, the location of the two major absorption 
peaks agrees fairly closely with those reported by Karrer and Rutschmann 
(7) for auroxanthin. Their method of separation emphasizes the tenacity 
with which this pigment is adsorbed, for they employed a column of zinc 
carbonate, a mild adsorbent, and used for elution a mixture of 1 part of 
methanol to 2 parts of ether. Their source of material was the flower, Viola 
tricolor. 

Prom Karrer's laboratory a series of recent reports have clarified the 
relation between major carotenoids and their oxidation products. In gen- 
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eral, a carotenoid lacking oxygen or containing oxygen only in the form 
of hydroxyl groups is treated with monoperphthalic acid. This results in 
an epoxy compound, the oxygen introduced bridging two adjacent carbon 
atoms in the /8-ionone ring. These epoxy derivatives are very sensitive to 
the action of acids. For example, the minute amount of HC1 in “aged” 
chloroform will rapidly transform dissolved epoxy carotenoids to furanoid 
oxide isomers. As a result marked displacements of the absorption maxima 
toward the ultraviolet occur. Specifically Karrer and Jucker (5) found 
that lutein epoxide isomerized to form two carotenoids which were identical 
with flavoxanthin and chrysanthemaxanthin, each containing two -OH 
groups with the third oxygen atom in an ether-like union. Zeaxanthol has 
two cydohexenyl rings and so forms a mono-epoxide and a di-epoxide which 
were found to be identical with antheraxanthin and violaxanthin respec¬ 
tively. Treated with acid, antheraxanthin isomerized to mutatoxanthin, 
while violaxanthin isomerized to auroxauthin. The acid treatment split 
off oxygen to some extent from violaxanthin so that mutatoxanthin and the 
starting material, zeaxanthin, were also present. 

They further found by the same technique (6) that /8-carotene also forms 
a mono-epoxide and a di-epoxide. Treated with acid the former isomerized 
to mutatochrome and the latter to aurochrome. 

Thus from known carotenoids easily obtained in relatively large amounts, 
other carotenoids, most of them previously isolated from natural sources 
in small amounts, were prepared by in vitro chemical reactions. Karrer 
and Jucker believe that the in vitro method of preparation essentially paral¬ 
lels the processes in the plant which produce these less abundant carotenoids. 

It follows then that the detection of auroxanthin in Sample II (undried) 
implies the presence of violaxanthin and zeaxanthin. These two caro¬ 
tenoids may have been among the fractions studied, but they could not be 
detected with certainty, probably because the impurities or cis stereoisomers 
present obscured the none too distinctive absorption spectra. The absorp¬ 
tion spectrum of auroxanthin is quite characteristic distinguishing it sharply 
from all other hypophasic carotenoid pigments, so that its presence in Sam¬ 
ples I and II seems to be fairly certain. 

It is possible that auroxanthin may be widely distributed and that the 
reason it has not been generally noted is the fact that only a mild adsorbent 
with an eluent containing a polar solvent serves to separate it. One would 
expect it to be held in an uppermost zone on a column such as magnesium 
oxide. In this connection it is of interest that Strain (14) in his mono¬ 
graph on leaf xanthophylls records 11 zones separated on columns of mag¬ 
nesia. The topmost three zones, orange-yellow in color, are denoted as 
mixtures with two absorption maxima, one at 4500 A and an “indefinite” 
maximum at a shorter wave length. The authors suggest that one or more 
auroxanthin-like compounds may be separated by rechromatographing these 
upper' three zones on a column of either confectioners’ sugar or on 
Na 8 S0 4 • 10H*O. 



BRUNSTETTER AND WISEMAN: CAROTENOID PIGMENTS 


435 


The second pigment of this type was ^-carotene, appearing in the crude 
carotene fraction of Sample III. Unfortunately, due mainly to the fact 
that the aliquots taken for chromatographic analyses were too small, its 
presence in the carotene fractions of the other two samples could not be 
definitely established. Another factor which very probably was largely 
responsible for its apparent absence was the fact that in Sample II the 
epiphase had been stored in ethanol for 20 days. As Strain (15) and Nash 
and Zscheile (11) have observed, ^-carotene rapidly oxidizes in polar sol¬ 
vents. Unfortunately this fact was not recognized in the present work so 
that the concentration of ^-carotene reported for Sample II is very probably 
too low. Furthermore, Sample I had been ground to a fine powder so that 
^-carotene, if present, would have been exposed to conditions making for 
maximum oxidation. In the case of Sample III, only a week elapsed from 
the extraction of the sample to the storage of the epiphase in Sk B. 

Karrer and Jucker (6) state that the absorption spectra of auroxanthin 
and aurochrome are practically identical. Similarly there is a close agree¬ 
ment between the absorption maximum of auroxanthin and that of £-caro- 
tene. Aurochrome is adsorbed above /3-carotene on a column of ZnC0 3 . 
Similarly, ^-carotene is adsorbed above /3-carotene on a suitable column. 
In view of these facts the authors suggest that ^-carotene is identical with 
aurochrome and therefore is derived from /8-carotene by oxidation to the 
di-epoxide followed by isomerisation to the furanoid oxide form thus reduc¬ 
ing the number of conjugated double bonds and displacing the positions of 
the absorption maxima toward the ultraviolet. If the two pigments are 
identical then “^-carotene” like aurochrome should, when its ethereal solu¬ 
tion is shaken with 25% HC1, show a stable deep blue color. Whether 
f-carotene does so react with concentrated HC1 is unknown at present. 

Although the total amount of carotenoid pigments present in the undried 
sample of Katahdin potatoes (II) was approximately 3 mg. per kg. dry 
weight, it was sufficient to give the dried product a marked yellow color. 
It is interesting to note that dehydration of this sample lowered the total 
carotenoid content only 10%. 

The concentration of beta-carotene was about 10% of the total caro¬ 
tenoids present and obviously it was present in such small amounts as to be 
negligible from a nutritional point of view. 

Summary 

1. The Katahdin variety of potato, when harvested in a relatively imma¬ 
ture condition, contains a complex mixture of carotenoid pigments. The con¬ 
centration of total pigments was about 3 parts per million, dry weight, a 
concentration sufficient to impart a yellow color to the dehydrated product. 

2. Lutein was found in two of the three samples studied, in concentra¬ 
tions of 0.50 and 0.77 parts per million, dry weight. A pigment correspond¬ 
ing to isolutein was present in one sample. 

3. A flavoxanthin was found in one sample and tentatively identified 
in a second sample. 
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4. A carotenoid provisionally identified as auroxanthin was present in 
two samples. 

5. An epiphasic pigment with sharp absorption maxima located at 3800, 
4000, and 4250 A was separated from one sample. It was identical with 
^-carotene. Its concentration in potatoes was at least 0.11 parts per mil¬ 
lion, dry weight. It is suggested that ^-carotene is identical with auro- 
chrome, derived by Karrer and Jucker from /3-carotene. 

6. Beta-carotene was detected; its concentration was about 0.3 parts per 
million, dry weight. In one of the samples, the presence of the stereo¬ 
isomer, neo-beta-carotene-U was detected. 

The authors are grateful to Dr. J. S. Caldwell and his associates for 
the material used in this investigation. They wish also to express appre¬ 
ciation of helpful advice received from Mr. Charles Cary. 

Bureau or Plant Industry 
Beltsville, Maryland 
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It is well known that some reducing substances, resembling true sugars 
in their behavior, occur almost invariably in plant extracts and may intro¬ 
duce great errors into the estimation of those sugars. Since the soluble 
sugars commonly present in plants (glucose, fructose, sucrose and maltose) 
are easily fermented by yeast, this phenomenon suggests itself as a conveni¬ 
ent and practicable method for the fractionation of the total reducing sub¬ 
stances in any plant extract into fermentable and non-fermentable fractions. 

Methods 

Trials on the fermentation of pure sugars by ordinary 
baker’s yeast 

After trials with various brands of baker’s yeast, a commercial brand, 
known in England by the name “Eureka” was selected as being most 
suitable. 

Considerable work was done to determine optimum conditions for fer¬ 
mentation of pure sugars, with the selected yeast in the shortest time possible, 
in order to evade the action of bacteria. The conditions dealt w r ith involved 
the study of the different hydrogen ion concentrations in the yeast media, the 
amount of yeast necessary for the complete exhaustion of a given amount of 
a fermentable sugar, the different sugars the selected yeast can digest, the 
time required for the completion of the fermentation process, and some other 
technical points. 

The following technique was finally adopted: 10 cc. of 10% washed yeast, 
2 cc. acetate buffer (pH 4.7), 2 cc. 0.2 M KH 2 P0 4 and 25 cc. sugar solution 
of known strength are mixed in a 50-cc. measuring flask and incubated at 
35° C. for three hours. At the expiration of this period the mixture is 
neutralized to phenol red with N/10 NaOH, 4 cc. alumina cream are added 
with subsequent shaking of the flask, the volume is then completed up to 
50 cc., and the contents filtered dry. A few drops of toluene are added to 
the clear filtrate which is set aside for estimation. 

Very much smaller concentrations of yeast were found adequate for the 
complete removal of glucose, fructose, and sucrose in the time stated; maltose 
fermentation, on the other hand, was much slower. Using the standard con¬ 
centration it was fouud that of 50 mg. maltose supplied, 90% had been 
removed in three hours; while practically complete removal in the same 
period was achieved when 5 cc. of 5% Taka-diastase solution were added to 
the yeast suspension. 

Trials with galactose and the pentose sugars (xylose and arabinose) 
under the standard conditions showed that of 35 mg. supplied 96%, 98%, 

i The variety used in this work is known in England by i i Early Market . 9 9 
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and 95% of the original amounts of these sugars were recovered, respectively. 
The small losses are presumably due to the development of bacteria under 
the conditions of the incubation, since estimations after twenty-four hours 
incubation gave very much higher losses; a result which makes Heinze and 
Mubneek’s (5) practice of 48 hours incubation and that of Ryqg (11) of 
18 hours incubation for fractionating yeast fermentable and non-fermentable 
parts of plant extracts rather questionable. 

Any loss of reducing power due to the absorption, by yeast, of some of the 
sugars under investigation can be neglected, since experiments in which the 
fresh yeast was precipitated with alumina cream, immediately after mixing 
with the sugar solutions, gave satisfactory percentage recovery: maltose, 
99% ; galactose, 100% ; arabinose, 100.5% ; and xylose, 99%. Glucose, how¬ 
ever, under the same treatment gave a recovery of only 96%, a result which 
is ascribed to its rapid fermentation, for with boiled yeast treated in the 
same way the recovery was 101%. 

Tims the technique adopted ensures the removal of glucose, fructose, and 
sucrose, leaving galactose and the pentose sugars practically untouched. 

Application of the technique adopted for the removal of the 

FERMENTABLE SUGARS FROM CARROT TISSUE EXTRACT 

Time curves for complete removal of fermentable sugars in carrot tissue 
extract were studied on many occasions. Because of the presence of some 
non-fermentable reducing substances which are continually attacked by bac¬ 
teria present in the yeast suspension, no constant value for these substances 
could be attained at any point on the time curve. For this reason, the method 
which was finally adopted to ensure the complete digestion of the reducing 
fermentable sugars in the tissue extract was as follows. 

A sample of the extract (about 20 cc.) was treated with yeast under the 
standard conditions, and to another aliquot sample a known amount of glu¬ 
cose a\ as added; in both cases the reducing value of the clear digest was the 
same. This implies: firstly, that fermentable sugars in the extract are totally 
removed; and secondly, that nothing is present in the extract to hamper in 
any measurable way the action of yeast. 

To rule out any possible error which might arise from the application of 
yeast, a blank fermentation containing all of the reagents with distilled water 
in place of the experimental extract, was always carried out. It is interest¬ 
ing to note that the titration value of this yeast blank and that of pure dis¬ 
tilled water, were always practically the same, especially when the copper 
method was being employed for the estimation of reducing values. 

The amount of yeast used was decreased or increased according to the 
reducing value of the material to be fermented, and a corresponding increase 
or decrease was made in the amount of alumina cream used for precipitation. 

Extraction and clarification 

For the extraction of carbohydrates from carrot root tissue, the 80%- 
aleohol technique was employed. Extraction was carried out in a simplified 
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soxhlet-like apparatus until no color appeared in the drippings. This was 
considered the end point of extraction, according to previous work done in 
this laboratory. The simpler carbohydrates, such as the hexoses and the 
disaccharides, were sought in the alcohol extract, the more complex forms in 
the alcohol insoluble residue. From the extract, the alcohol was removed by 
distillation under reduced pressure at 50°-55° C. to avoid the possibility of 
any sucrose inversion, especially towards the end of distillation when the 
bulk was reduced to a few cc. of a syrupy fluid. This latter was then taken 
up in water by washing it several times, with a little warm water and clean 
sand each time. The washings thus collected were finally clarified. 

Among the many clarifying agents used by earlier investigators (1), 
basic lead acetate was most extensively applied, followed by one of a number 
of such reagents as carbonates, sulphates, oxalates of sodium or potassium to 
remove the excess lead. Loss of reducing sugars, especially of fructose pres¬ 
ent in the extract, was noticed under such treatment by many workers, and 
was attributed to a destructive action of the lead salt on fructose (7). 
Englis and Tsang (2) had experimentally shown that this loss in reducing 
sugars from tissue extracts, clarified with basic lead acetate, was due to the 
nature of the deleading agents used, and not to the lead salt. In view of the 
facts hitherto mentioned, many trials on clarifying carrot tissue extract were 
carried out, using some of the reagents most commonly used for this purpose. 
Two precipitants, namely basic and neutral lead acetate, were chosen. Each 
one of the two reagents was tried on two aliquot samples of the same extract. 


TABLE I 

Reducing power or the clear plant extract expressed as grams “Glucose ’ ’ per too 

GRAMS FRESH WEIGHT OP CARROT TISSUE 


Clarifying reagents employed 

Total redt cing 

VALl E OF THE 

EXTRACT 

R.V. OF THE 
EXTRACT AFTER 

FERMENTA¬ 

TION 

R.V. OF THE 
FERMENTABLE 

PORTION OF 
THE EXTRACT 

The ferricyanidf method 


(1) Basic lead acetate + disodium 
hydrogen phosphate 

3.468 

0.387 

3.081 

(2) Basic lead actate + potassium 
oxalate 

3.287 

0.387 

2.900 

(3) Neutral lead acetate *f di¬ 
sodium hydrogen phosphate 

3.762 

0.376 

3.385 

(4) Neutral lead acetate + potas¬ 
sium oxalate * 

3.525 

0.382 

3.143 

The copper method 


(1) Basl& lead acetate + disodiura 
hydrogen phosphate .. 

3.294 

0.340 

2.954 

(2) Basic lead acetate + potassium 
oxalate 

3.220 

0.336 

2.884 

(3) Neutrarlead acetate + di¬ 
sodium hydrogen phosphate 

3.519 

0.323 

3.196 

(4) Neutral lead acetate + potas¬ 
sium oxalate 

3.229 

0.312 

2.917 
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The excess of lead was removed from each member of the two pairs of ali¬ 
quots with one or the other of the two deleading agents chosen; namely, 
disodium hydrogen phosphate and potassium oxalate. The reducing power 
of the aliquots was then estimated before and after fermenting the clarified 
extract with yeast. The estimation was carried out with both the ferri- 
eyanide (3) and the copper (12) methods, elaborated and modified in this 
laboratory for measuring the reducing power of plant extracts. 

The results presented in table I show that the application of lead acetate, 
either basic or neutral, followed by disodium hydrogen phosphate consist¬ 
ently resulted in higher reducing values than when potassium oxalate was 
used in place of phosphate; especially for the fermentable fraction of the 
extract which includes all the reducing sugars. These results are in accord 
with the conclusion of Englis and Tsang (2). 

Accordingly the treatment with basic lead acetate as a precipitant, fol¬ 
lowed by disodium hydrogen phosphate as a deleading agent, was adopted 
for the work on carrot tissue extracts. 

Estimation of individual carbohydrates in carrot tissue 

EXTRACT AND THE METHODS EMPLOYED 

Two methods, previously modified and elaborated in this laboratory, for 
the estimation of reducing substances in plant extract, were used. 

The ferricyanide method. —This is a modification of Hagedorn and 
Jensen’s (3) method which was first introduced and modified in this labora¬ 
tory by Hanes, and finally standardized by Hulme and Narain (6) for the 
estimation of pure reducing sugars in solution. 

The copper method. —This is a modification of Shaffer and Hartman’s 
(12) method which was later standardized by Maskell and Narain (work 
hitherto unpublished). The principal modification consists in the use of a 
less alkaline solution and the removal of oxygen from the mixture of extract 
and copper reagent before boiling, by means of a stream of nitrogen gas. 
Under these conditions there is no re-oxidation of reduced copper during 
boiling, and the thiosulphate titration value is proportional to the amount 
of sugar present, up to a maximum of 1.5 mg. of the reducing substance 
(hexose) to be estimated. 

Each of the two methods proved to have some characteristic merits. The 
ferricyanide has an advantage over the copper method in the fact that it is 
not affected by any oxygen that may be present in the experimental solution. 
Also larger amounts of reducing substances can be estimated by the ferri¬ 
cyanide than by the copper method; the upper limits being 3.0 and 1.5 mg., 
respectively. On the other hand, the copper method, relative to monosac¬ 
charides, is less sensitive to reducing disaccharides than is the ferricyanide 
method. Consequently, with the copper method, the rise in the reducing 
value after the hydrolysis of disaccharides, will be relatively greater and 
hence more accurately estimated, than with the ferricyanide method. 

In view of the differences between the two methods and the advantages 
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each one has over the other in some respects, both were simultaneously used 
during the early part of this work. When the identity of the individual 
members of the carbohydrate group present in carrot tissue became well 
established, the copper method was chosen, being more suited to carry on 
with the rest of the estimations for this work (9). However, the ferricyanide 
method was called on whenever the necessity arose, to check results obtained 
by the copper method. 

Estimation of individual carbohydrates in carrot 

TISSUE EXTRACT 

The aldoses and ketoses or apparent hexoses. —Among the methods 
used for the estimation of aldose sugars is the iodometric one, elaborated by 
Romijn (10) and based on the oxidation of aldoses by iodine in alkaline 
solution. Maskell and Narain (unpublished data) found this method to 
give correct results for mixtures of pure sugars; for leaf extracts, however, 
the figures for aldose sugars, indicated by the iodine used up, were invariably 
much too high. 

In the present work, the method was tested on carrot tissue extract. The 
residual iodine in the experimental samples was titrated with N/10 sodium 
sulphite and the difference between the values thus obtained and a blank 
estimation, gave values in terms of Na 2 S0 3 equivalent to the I 2 reduced by the 
experimental solutions. Table II contains a few sets of results which repre¬ 
sent values for the aldoses estimated by the iodometric, ferricyanide, and the 
copper methods. In using the two latter methods for the estimation of the 
aldoses, samples of the extract were treated with iodine as mentioned above, 
merely to remove the aldoses; then the ketoses, presumably left untouched, 
were estimated. The difference between the reducing value of the extract 
both before and after the iodine treatment gave the value for the aldoses. 
The extract used for this investigation was previously hydrolyzed with N 2 
HC1 for increasing lengths of time at 60° C. during the course of elaborating 
techniques for sucrose estimation. The figures obtained and presented in 
table II are in accord with Narain’s (8) results working on pure sugars and 
ivy leaf extracts. 

In view of the excessively high estimates obtained for apparent glucose 
(aldoses) with the iodometric method, the use of this method for accurate 
estimation of these sugars was ruled out. It not only falsifies the figures for 
aldoses, but it also leads to fictitious results for ketoses which are to be ob¬ 
tained by subtracting the aldose value from the total reducing value of the 
two, estimated jointly by either the ferricyanide or the copper method. 
Despite ^the limitations of the iodometric method and in view of the fact that 
ketoses are hardly oxidized by iodine under these conditions, the iodometric 
method was made use of merely as a means of getting the aldoses present in 
the extrac\inactive by oxidation, leaving the residual ketoses to be estimated 
by. either of the standard methods. The coupling of the iodometric method 
with the standard reduction methods, proved very valuable in obtaining 
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reliable and accurate results. Trials for recovering pure sugars (glucose, 
fructose, and sucrose) added to the tissue extract proved satisfactory. 

The true hexoses—glucose and fructose. —Some reducing substances 
that may be mistaken for glucose and fructose proved to be always present 
in carrot tissue extract; since these substances proved to be completely re¬ 
sistant to yeast fermentation, the yeast fermentation technique was applied, 
as described previously, to fractionate the reducing substances in the extract 
into non-fermentable and fermentable fractions. This latter was taken to 
represent the joint value of true glucose and true fructose. Practically in 
every case where the yeast fermentation technique was applied, and before 
applying the estimates of the non-fermentable substance to the interpretation 
of experimental results, a test was carried out to ensure the complete removal 
of the fermentable sugars, without prolonging the standard fermentation 


TABLE II 

The experimental material was hydrolyzed with X/2 HC1 at 60° C. for varied 

LENGTHS OF TIME BEFORE OXIDATION WITH IODINE 


Material used 

Grams apparent glucose per 100 grams 

F. WT. ESTIMATED BY THE: 

IODOMETRIC 

Ferricyanide 

Copper 

20-cc. extract hydrolyzed for 4 minutes 

3.735 

2.617 

2.720 

8 “ 


2.123 

2.991 

16 “ 

2.820 

2.655 

2.220 

30 “ 

3.100 

2.800 

2.632 

60 < 4 

4.230 

2.515 

2.861 

Results of another set from a duplicate 




extract 




20-ce. extract hydrolvzed for 4 minutes 

5.072 

2.158 

3.365 

8 “ 

4.795 

2.656 

3.487 

16 “ 

5.640 

3.578 

3.139 

30 “ 

5.215 

3.559 

3.347 

60 4 4 

4.650 

3.325 

3.295 


period. This involved the fermentation of an aliquot sample of the extract 
to which a known amount of pure glucose or pure fructose was added. In 
almost all cases, the results obtained after fermenting the entire and mixed 
extracts, agreed fairly well. In cases when such an agreement was not 
attained, however, the quantity of yeast employed was increased to effect 
such agreement. 

Although the joint value for true glucose and true fructose present in 
carrot tissue extract could be obtained according to the technique so far 
described, no accurate separate values for the two hexoses could possibly have 
been obtained without firstly ascertaining whether this non-fermentable frac¬ 
tion belonged to the aldo or to the keto type of reducing substances, or 
whether it was a mixture of the two; and secondly, estimating the value of 
each component of a mixture. 

Aldo and keto non-fermentable substances. —To separate the non-fer- 
mentable substances into aldo and keto fractions, 20- to 30-cc. samples of the 
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extract were fermented under the conditions of the standard method, and 
the reducing value of the fermented extract was estimated. Samples of the 
fermented extract were then oxidized with iodine and the reducing value of 
the oxidized solution was again measured. This latter value was taken to 
represent the.keto non-fermentable substance, and the difference between 
this and the total value (before oxidation but after fermentation) to repre¬ 
sent the value for the aldo non-fermentable substance. By subtracting these 
two figures from those representing the total ketoses and total aldoses (appar¬ 
ent hexoses, respectively) the values for true fructose and true glucose were 
obtained. This procedure with a slight modification, was duplicated for con¬ 
firmation. The same steps were performed, only with their sequence re¬ 
versed; namely, oxidation preceding fermentation. With both sequences 
fairly good agreements were obtained. The results obtained at this stage 
and throughout the present work, indicated that the non-fermentable matter 
present in carrot root extract is composed of two different types; i.e., a keto 
and an aldo, and that the keto type constituted the major part; at times the 
aldo type was entirely absent. Nothing like a constant ratio between the 
relative values of these two substances did exist at any time. This realiza¬ 
tion, coupled with the fact that the value of the non-fermentable fraction in 
the extract was by no means too low to be ignored, rising at times to more 
than 10% of the value for true hexoses, necessitated going through the tedi¬ 
ous processes of their fractionation whenever the estimation of true sugars 
was required. 

Before passing to the estimation of other members of the carbohydrate 
group present in carrot tissue extract, a few trials were carried out to check 
the reliability of the figures so obtained in representing the true hexoses in 
that extract. Recovery of pure fructose added to the extract was tried, both 
before and after treating the mixture with iodine. Within the limits of ex¬ 
perimental error, 100% recovery was obtained, suggesting that nothing in 
the carrot tissue extract, nor the treatment with iodine, affects the recovery 
of pure sugar added to the extract in any measurable degree, and hence the 
genuineness of the figures for glucose and fructose present in this extract 
may be accepted. 

The disaccharides—sucrose. —The method adopted in this laboratory 
and applied to pure sucrose and leaf extracts was based on hydrolyzing the 
material to be analyzed for sucrose, with half normal hydrochloric acid at 
60° C., and measuring the reducing value after hydrolysis. 

Since the value for sucrose in carrot tissue extract was to be obtained 
from the increase in the reducing value of the extract after hydrolysis with 
N/2 HC1 at 60° C., the accuracy of such a value would necessarily depend on, 
firstly, whether the non-fermentable reducing substances in the extract would 
undergo any substantial change under the conditions of hydrolysis; and, 
secondly, whether any disaccharide, other than sucrose, may be present in 
the extract to augment the reducing value of that extract on hydrolysis. 

A few trials were carried out to test the behavior of the non-fermentable 
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TABLE III 


Material 

Reducing values as mgs. glucose 

IN 20 CC. TISSUE EXTRACT 
ESTIMATED BY: 


The ferri- 

CYNIDE METHOD 

The copper 

METHOD 


mg . 


mg. 


20-cc. extract fermented 

15.80 


13.6 


20-cc. extract hydrolyzed and fermented 

10.00 

37* 

9.4 

31* 


* Percentage loss. 


reducing substances under these conditions. Samples of the extract were 
fermented and other aliquot samples were hydrolyzed and then fermented. 
Results obtained and recorded in table III clearly show a consistent loss of 
the non-fermentable material; a loss which suggests that the material in 
question had either undergone partial destruction under the prevailing con¬ 
ditions, or had been partially hydrolyzed into some substance fermentable 
by the yeast used. To clear up this point, samples of the extract were fer¬ 
mented, and a part of the fermented extract hydrolyzed with N/2 HC1 at 
60° C. The result thus obtained and recorded in table IV indicates that the 
non-fermentable reducing matter in carrot tissue extract undergoes partial 
destruction under the conditions of hydrolysis with N/2 HC1. Although the 
loss in the non-fermentable substance amounted to over 30 °/o at times, the 
total value of this substance relative to the total reducing power of the carrot 
tissue extract (after hydrolysis) is quite small, the allowance for this destruc¬ 
tion can be safely ignored without appreciably affecting the results for 
sucrose. 

To find out whether sucrose was present and if so, whether it was the only 
disaccharide that occurs in carrot tissue, a study of the hydrolysis time curve 
was carried out. Such a curve would also indicate the period necessary for 
hydrolysis to attain completion. For this purpose two comparable tissue 
samples A and B were separately extracted and clarified. From the clear 

TABLE IV 


Material 

Reducing values as mgs. glucose 
in 20 CC. TISSUE EXTRACT 
ESTIMATED BY: 


The ferri- 
cyanide method 

The copper 

METHOD 


mg. 


mg. 


20-ec. extract fermented 

15.2 


12.6 


20-ec. extract hydrolyzed and fermented 

12.2 

20* 

10.0 

20* 


* Percentage loss. 
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extracts, two sets of samples, one set for each extract, were hydrolyzed with 
N/2 HC1 at 60° C. for varied lengths of time, and their reducing values 
estimated both before and after hydrolysis with both the two standard 
methods. The results obtained are presented in table V. It is evident from 
these results, that the total reducing value of the extract rose rapidly with 
time, until a level was reached after 16 minutes, beyond which time no 
further increase or decrease took place. 


TABLE V 

Analysis or two duplicate extracts A and B 
Results are expressed as grams apparent hexoses per 100 grams presh weight 


Method 

OF E8TI- ! 
MATION 

Material used 

Total R.V. 

AS APPAR¬ 
ENT GLU¬ 
COSE 

(i) 

Apparent 

fructose 

( 2 ) 

Apparent 

glucose 

( 3 ) 

The cop¬ 
per 

Unhydrolyzed extract A. 

B. 

Hydrolyzed at 60° C. for: 

4 minutes A. 

B. 

8 “ A. 

B. 

16 (i A. 

B. 

30 il A. 

B. 

60 “ A. 

B. 

gm. 

S } 3 - 783 

eSj 5 - 698 

SSj 6 - 060 

6.355 | s* 0 90 
6.320 j 6 ‘ 338 

6.250 | rt qOC 
6.425 j 6 - 338 

6.310 ) qcr 
6.420 \ 6-365 

gm. 

S} 1-775 

2.725 | 2-759 
3:210 j 3-116 

S?) 3-074 

1.196 ! 3-160 

2.808 1 0 q-q 

3.150 

gm. 

1.945 l "* 008 

2.587 ) 94 , 

3.295 \ 21,41 
3.138 ) g 944 
2.750 J 
3.215) ^ 964 
3.313 \ 

3.125 ) 0 1 -0 
3.230 \ 

3.502 ) 0 oog 
3.270 \ 

The ferri- 
cyanide 

Unhydrolyzed extract A. 

B. 

Hydrolyzed at 60° C. for: 

4 minutes A. 

B. 

8 “ A. 

B. 

16 “ A. 

B. 

30 “ A. 

B. 

60 ‘ ‘ A. 

B. 

3.995 ) . 

4.332 J 4-164 

5.880 | g ^20 
6.960 J 

6.930 ) - 
7.032 | 6-981 

?:^! 7 -« 3 
?:«« j 

2.180 ) 0 0 £ 0 
2.343 ( 

S| 3-194 

3.550 j 3-556 

S! 3-505 

sn 3-599 

3:300 1 3-388 

1.815 } ^ 00 O 
1.989 \ 

2.542 ) « 9O 0 
3.910 \ 

3.368 | 0 4 ott 
3.482 J 

3S! 3910 

SSI 3 - 691 

Sj 3 - 999 


To identify and fraction’ate the hydrolysis products, the reducing values 
of the extract, before and after hydrolysis, were resolved into ketose and 
aldose factions, and the results obtained were again recorded in table V 
under columns 2 and 3, respectively. 

Since the maximum reducing value of the hydrolysis products was 
attained after 16 minutes and remained constant beyond that time, the values 
obtained-for each set (A and B) in 16, 30, and 60 minutes were treated as 
comparable estimates of the hydrolysis products, and accordingly their mean 
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for each set, as well as for the two sets combined, was taken to give a more 
accurate estimate for 100% hydrolysis. In table Vi, column 2, the means of 
the three last estimates for the hydrolysis products, differentiated into 
aldoses and ketoses are presented. In the same table, column 1, are also 
tabulated the aldoses and ketoses initially present in the extract. Since no 
allowance for destruction in the non-fermentable matter was involved at this 
stage, the difference between the corresponding values in columns 1 and 2 
was taken to represent true glucose and true fructose that resulted from the 
hydrolysis of the substance or substances under investigation. These values 
for true glucose and fructose are shown in column 3. 

The results obtained by the copper method (table VI) suggest that the 
products of hydrolysis, within the limits of experimental error, are composed 
of equal quantities of true glucose and true fructose. By the ferricyanide 

TABLE VI 

BEDUCINa VALUES AS GRAMS HEXOSE PER 100 GRAMS FRESH WEIGHT 





Apparent hexose 


Increase in true 

M ETIIOD 
OF ESTI- 

Material 

Initial 

After hydrol 
^sis 

HEXOSES DUE TO 

HYDROLYSIS 

M ATION 


(i) 

(2) 

( 3 ) 



Ketoses 

Aldoses 

Ketoses 

Aldoses 

Fructose 

Glucose 

Copper 

Set A 

gm. 

1.71 

iim . 

2.07 

gm. 

3.02 

/ ]m. 

3.28 

gm. 

1.31 

gm. 

1.21 

Set B 

1.84 

1.95 

3.12 

3.27 

1.28 

1.32 


Mean (A&B) 

1.775 

2.01 

3.07 

3.275 

1.295 

1.265 

Ferri- 

Set A 

2.18 

1.82 

3.55 

3.72 

1.37 

1.90 

cy ankle 

Set B 

2.34 

1.99 

3.45 

4.01 

1.11 

2.02 


Mean (A&B) 

2.26 

1.905 

3.50 

3.865 

1.24 

1.96 


method, however, glucose is consistently higher than fructose; a discrepancy 
which is quite inexplicable and must be ascribed to some failing in that 
method rather than to a substance in the extract responsible for this excess 
of glucose. This assumption is substantiated by the fact, as mentioned 
earlier, that the copper method relative to hexose is less sensitive to disac¬ 
charides than is the ferricyanide method; hence it follows that in case of the 
presence of a substance of this category in the extract, the copper method 
should give—after hydrolysis—higher reducing values relative to the initial 
reducing power of the extract, than would the ferricyanide method. In no 
instance was this the case; on the contrary, the ferricyanide method invari¬ 
ably gave higher results. Nevertheless, an attempt was made to find a cause 
for this disparity between the two components (glucose and fructose) of the 
hydrolysis products, as estimated by the ferricyanide method; a cause which 
was thought to lie probably in the oxidation reagents and their possible inter¬ 
ference with the estimation of ketoses—and consequently the aldoses. After 
many fruitless efforts, through which it was well established that the oxida- 
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tion reagents did in no way interfere with the estimation of the reducing 
power of carrot extracts no such cause was discovered to account for the 
behavior of the ferricyanide method in this respect. 

Since the rate of hydrolysis of any material under any given set of con¬ 
ditions is a fairly good index to its identification, the rate of hydrolysis of 
earrot root extract under these conditions was calculated, in the hope of 
shedding some light on the nature of the substance in question. The results 
of calculation are shown in table VII. The mean value of the last three esti- 

TABLE VII 

Percentage and rate of hydrolysis 


Time of 
hydrol¬ 
ysis 

Method of estimation 

The copper method 

The ferricy\nide 

Increase 
in R.V. 
GLU. + FR. 

Hydrolysis 

Inrcease 
in R.Y. 

GLU. + FR. 

Hydrolysis . 

Percent¬ 

age 

Rate* 

Percent- 

Rate 



% 



% 


4 minutes 

1.915 

74.7 

0.37 

2.257 

70.6 

0.31 

8 “ 

2.278 

88.9 

“per 

2.818 

88.2 

‘ ‘ per 

16 “ 

2.555 

99.7 

minute 1 ’ 

3.252 

101.7 

minute ’ } 

30 “ 

2.555 

99.7 


3.124 

97.8 


60 “ 

2.583 

100.7 


3.214 

100.6 


Mean of 16, 

2.564 

100.0 


3.197 

100.0 


30, and 


. 


' 



CO min¬ 







utes 








* Rate of hydrolysis uas worked out according to the equation (4) 


Where K is rate of hydrolysis in t time: a the amount of cane sugar present at the start, 
and x the amount of cane-sugar that is hydrolyzed. 

mates for the hydrolysis products (after 16, 30, and 60 minutes) was taken 
to represent 100%. Accordingly, percentage hydrolysis after varied lengths 
of time, and also the rate of hydrolysis [after Harvey (4) ] were calculated. 

It is evident that the results obtained for the products of hydrolysis at 
60° C. with N/2 HCl, show that: 

1. The hydrolysis time curve attained a maximum value after 16 minutes, 
beyond which time it kept practically level. 

2. The hydrolysis produets are composed entirely of glucose and fruc¬ 
tose, as measured by the copper method. 

3. The rate of hydrolysis of the extract is of the same order as that for 
pure sucrose under the same conditions. 

Such conclusions strongly suggest that sucrose is the only disaccharide 
present in carrot tissue extract. Accordingly, the technique adopted for the 
estimation of sucrose in this work, was based on treating the extract with 
N/2 HCl at 60° C. for 30 minutes. 
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Maltose.— The method which has been used ip this laboratory by Mas- 
kell and Narain (unpublished data) for the estimation of maltose, based 
on the hydrolysis of this sugar with N HC1 at 100° C. and allowing for the 
destruction of the hydrolysis products at the rate of 1% per hour, was tried 
on carrot tissue extract; also hydrolyzing the extract with 0.5% Taka- 
diastase was attempted. Results obtained are recorded in table VIII, to¬ 
gether with the reducing value of the same extract after N/2 BC1 hydrolysis 
at 60° C. The increase due to hydrolysis after both the treatment with N/2 
HC1 at 60° C. and with 0.5% Taka-diastase is practically the same. The low 
results obtained after hydrolysis with N HC1 at 100° C. might be due to a 
greater rate of destruction than has been allowed for. These results further 
confirm the conclusion, already arrived at; namely, that sucrose is the only 
disaceharide present in carrot root tissue. 

TABLE VIII 

REDUCING values of carrot tissue extract as grams true hexoses PER 100 GRAMS 

FRESH WEIGHT BEFORE AND AFTER DIFFERENT TREATMENTS* 

Hydrolyzing agent: 

N/2 HC1 at 
60° C. 


pw. 

4.165 
7.365 
3.200 

* Figures shown in this table are means of values obtained for the duplicate extracts 
A and B by the ferricyanide method. 

To conclude: here follows a short account of the steps followed for a com¬ 
plete analysis sheet of individual carbohydrates, present in the 80% alcohol 
extract of carrot tissue, according to the technique hitherto discussed: 

Steps Treatment Results 

A. Extract directly estimated Direct total reducing value 

B. Extract fermented with yeast and Total non fermentable reducing matter 

estimated 

(\ Fermented extract oxidized with Keto lion-fermentable reducing matter 
iodine 

D. Extract oxidized with iodine Total direct reducing ketoses 

E. Extract hydrolyzed with N/2 HC1 Total reducing value after hydrolysis 

at 60° C. 

F. Hydrolyzed extract oxidized with Total reducing ketoses after hydrolysis 

iodine 

Thus 




A-B 

B~C 

A-D 


= Total fermentable reducing matter, or true hexoses 
:= Aldo non-fermentable reducing matter 
=r Total direct reducing aldoses 
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A-D-(B-G) = Fermentable direct reducing aldoses or true glucose 
D-C = Fermentable direct reducing ketoses or true fructose 

E-A s Total increase in fermentable reducing matter or the in¬ 

crease in glucose and fructose due to inversion 
E-F = Total reducing aldoses after inversion 

F-D = Increase in fructose due to inversion 

E-F-(A-D) = Increase in glucose due to inversion 


All the results obtained according to the above scheme represent reducing 
values in terms of glucose, and accordingly (D-C) and (F-D) in order to 
represent fructose, must be corrected by adding 3 %; fructose being that 
amount lower in its reducing power than glucose, as estimated by the copper 
method. Hence it follows: 


(D-C) x 100 
97 


(F-D) x 100 
97 

(F-D) x 100 
97 


+ E-F-(A-D) 


= Initial fructose 

= Increase in fructose after 
inversion 

= Sucrose as invert sugar 


342 /(F-D) x 100 

360 X V 97 


^ E-F-(A-D) 


= Sucrose as such 


Summary 

1. Carrot tissue was extracted with 80 % boiling alcohol. The aqueous 
extract was cleared with basic lead acetate and disodium phosphate. 

2. Using the two reduction methods (the copper and ferricyanide) glu¬ 
cose, fructose, and sucrose were found and estimated in the clear extract. 
Maltose was entirely absent. 

3. Trials for fermenting various sugars with ordinary baker’s yeast were 
attempted. Glucose, fructose, and sucrose were completely fermented in 
less than three hours. Maltose was more resistant than the three mentioned 
sugars. It was almost equally rapidly fermented when a solution of Taka- 
diastase was added to the yeast suspension. The pentoses, arabinose and 
xylose, were not attacked by the yeast used. 

4. The yeast technique was applied to carrot tissue extract for separating 
the non-fermentable reducing matter which was generally taken for reducing 
sugars. 

This work was carried out at the Botany School, Cambridge, England. 
The author wishes to express his indebtedness to the late Dr. F. F. Black¬ 
man, F.R.S., for his kind encouragement and to Db. E. J. Maskell, F.R.S., 
for his intense interest in the work and his continual advice and criticism. 
The author further wishes to thank Mr. C. Sewell for his help w T ith the 
analyses. * 

Brooklyn Botanic Garden 
Brooklyn, New York 
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Introduction 

It has long been known that wounded plants respire more intensely than 
intact ones (3, &, 6,13,14,17,18,22, 23, 29, 30, 31, 32). 

Audus (1, 2), and Godwin (10) reported that handling of plant parts, 
without apparent wounding, causes great increase in their rate of respira¬ 
tion. The stimulus that causes this rise in respiration arises apparently 
from deformation of cells by bending or rubbing. Miller (19) states that 
the marked increase in the output of carbon dioxide following injury is 
probably due to the escape of the gas that has accumulated in the inter¬ 
cellular spaces of the tissues. There is no doubt that injury of bulky organs 
renders the atmospheric oxygen more accessible across the tissues (3, 18, 
19,27,32). 

Turner (31) observed that when carrot roots are sliced into l-mm.-thick 
discs, the latter usually give a high initial rate of respiration which exhibits 
wide variations but with general tendency to fall. After 50 hours, the 
fall in respiration becomes more regular until after 150-200 hours, a rate 
is reached which is about the same as that of intact carrot root. The high 
initial respiration of the carrot slices is ascribed to stimulation caused by 
cutting, washing, and handling. 

Bennet-Clark and Bexon (3) found that with continued washing in 
aerated tap water, the respiration rate of beet root slices rises from a very 
low value shortly after cutting to a high maximum value after some 300 
hours’ washing, a value which is then more or less maintained for another 
350 hours. The authors suggest that the rise in the respiration of the slices 
and the maintenance of high rate for many days is due to less restricted 
gaseous exchange and to mechanical injury and wound stimuli which' may 
induce metabolic changes leading to an increased concentration of respirable 
substrate or of respiration enzymes. 

Stiles & Dent (30), measuring the respiration activity of discs from 
various storage tissues, found that on first cutting out the slices the respira¬ 
tion starts low and rises slowly in aerated running tap water to a much 
higher level which may be maintained constant for a time, but from which 
it slowly diminishes. These two authors agree with Bennet-Clark and 

1 This is the fourth of a series of papers on the general subject of Researches on Plant 
Metabolism. 
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Bexon (3) in the explanation of the gradual rise of the respiration activity 
as a consequence of separation of thin slices from a’storage organ, and they 
further consider the subsequent fall in respiration rate to be due to ex¬ 
haustion of the respirable substrate or to the slow development of some 
depressant factor. 

Some of the metabolic changes that occur as a result of injury of plant 
organs have been studied. Thus Gruss (12) observed that wounding of 
potato induced sugar accumulation and increased oxidizing enzymes and 
diastatic activity in the cells around the wound. Friedrich (9) noted in 
the cells bordering the cut surfaces of potato an increase in the total nitrogen 
and reducing sugars. Hopkins (15) showed that wounding caused disap¬ 
pearance of starch and increase in sugar content; the latter resulted in in¬ 
crease of respiration activity. Lutman (18), on the other hand, was of the 
opinion that the increase in sugar concentration had no relation with the 
increase in respiration of wounded tissues. 

Recent work seems to indicate that respiration may be more closely con¬ 
nected with nitrogen metabolism than with carbohydrate changes (11, 16, 
21, 28). Zaleski (34) claimed that wounded storage organs always in¬ 
creased their protein content, presumably at the expense of their soluble 
nitrogen. 

The aim of the present paper is to investigate the changes in the respira¬ 
tion activity resulting from the separation of thin slices from roots of 
Raphanus sativus Acgyptiacus, and to see if these changes would be accom¬ 
panied by variations in the nitrogen fractions of the plant. 

Experimentation and results 

The carbon dioxide given off in respiration was absorbed in Pettenkofer 
tubes and then estimated titrimetrically. By the use of a battery of Petten¬ 
kofer tubes and a commutator designed by F. F. Blackman, a continuous day 
and night record of respiration could be obtained. The methods used for 
the estimation of the various nitrogen fractions have already been referred 
to in a previous paper (25). 

Mature radish plants were usually brought to the laboratory early in the 
morning; the leaves were removed, the roots thoroughly washed with tap 
water and then wiped dry. In experiments on whole roots, the fresh weights 
of the roots were first determined; and then the cut ends were sealed with 
wax of low melting-point. Slicing of the roots was always carried out by 
means of a special sledge microtome. The following experiments are typical 
representatives of many repetitions and the results reported have been full}’’ 
confirmed. 

First experiment 

Respiration and nitrogen metabolism op whole radish roots.— Four 
more or less similar roots were sterilized by means of freshly prepared solu¬ 
tion of 6.66 per cent of calcium hypochlorite as recommended by Wilson 
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(S3) and Pearsall and Billimoria (20), and then washed with sterilized 
distilled water. After that two roots were extracted with boiling distilled 
water and immediately analyzed for the various initial nitrogen fractions. 
The other two roots were placed in two respiration chambers which were 
then submerged to the neck in a water-bath whose temperature was kept con¬ 
stant at 25° C. by means of a toluene-mercury thermo-regulator. A carbon- 
dioxide-free air was passed through the chambers at a rate of two liters per 
chamber per hour. Allowance of two hours was always given for the sweep¬ 
ing of all the carbon dioxide present in the apparatus, and also for the plant 
material to adapt itself to the temperature of the bath. After that the car¬ 
bon-dioxide outputs by the two roots were estimated at 8-hour intervals for 
120 hours. At the end of the experimental period, the two samples were 
extracted in boiling water and analyzed for their nitrogen fractions. 



Fig. 1 . Drift in the respiration rate of mature whole radish roots. 

Respiration of whole roots.— The average carbon-dioxide output of the 
two samples is represented graphically in figure 1, being calculated as grams 
C0 2 given off by 100 grams fresh weight of roots per hour. The results of 
this as well as many similar experiments showed that the respiration of 
whole radish roots always proceeds at a low but steady rate for prolonged 
periods. 

Analysis of tissues.— The results obtained from the analysis of the 
radish roots for their nitrogen fractions are recorded in table I. It is clear 
from this table that very little change, if any, takes place in the nitrogen 
fractions during 120 hours’ starvation of mature radish roots. It is inter¬ 
esting to note that small but consistent inverse changes are always observed 
in the ammonia and amide-N fractions. 

1 Second experiment 

Respiration of whole and sliced roots.— The respiration of two whole 
roots was determined in the usual way as in the first experiment except that 
the carbon-dioxide outputs were estimated at 5-hour intervals. After 45 
hours, when the steady drifts in the rates of respiration of the two samples 
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TABLE I 

i 

Changes in the nitkogkn fractions of whole badish boots respiring in aib 
FOB 120 hours, all being calculated in milligrams peb 
100 grams fresh weight 


Samples 

cc oq 

I* S3 p* 

O £ 

wSg 
a < W 

£32 

Nitrate N 

Ammonia N 

Amide N 

Other N 

Total 
soluble N 

Protein N 

Total N 


hr ft. 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

A 

0 

40.5 

4.5 

5.8 

66.6 

117.4 

45.2 

163.6 

B 

0 

45.2 

5.1 

5.9 

63.5 

119.7 

48.7 

168.4 

C 

120 

45.5 

2.7 

9.2 

60.8 

118.2 

44.0 

162.2 

I) 

120 

44.9 

3.6 

7.4 

i 

66.1 

122.0 

42.5 

164.5 


were ascertained, one root (sample A) was sliced, and the slices were sus¬ 
pended in 200 ml. of sterilized distilled water through which air was passed. 
The carbon-dioxide outputs by the whole and sliced roots were then followed 
for another period of 80 hours. The drifts in the respiration rates of both 
whole and sliced roots throughout the experimental period of 125 hours are 
presented in figure 2, all being calculated as grams carbon dioxide given off 
per 100 grams fresh weight of tissue per hour. 

During the first 45 hours the two roots showed similar low but steady 
respiration rates as in the previous experiment. The period immediately 
following the slicing of sample (A) was characterized by irregular increases 
in the carbon-dioxide output by the sliced root. The respiration of the other 
whole root continued at a low steady rate with very slight tendency to fall. 

It is interesting to note that the respiration rate of the sliced root reached 



tn Aourj 

Fig. 2. Respiration rates of whole and sliced radish roots; arrow indicates the point 
at which slicing of sample A took place. 
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its maximum 30 hours after slicing and then subsided fairly rapidly for 20 
more hours, after which it reached a steady level course parallel to that of 
the intact root, though slightly higher. The results of this and many similar 
experiments agree well with the findings of Stiles and Dent (30) using 
slices from various storage organs. It may be recalled here that Bennet- 
Clark and Bexon (3) failed to record the decline in the respiration inten¬ 
sity of the slices after reaching its maximum, and Turner (31) did not ob¬ 
serve the rise of the respiration rate of slices from a low value to a maximum. 

The rise in respiration rate obtained after cutting out the discs has been 
attributed to more free gaseous exchange (3, 19, 30, 32), to mechanical and 
wound stimuli (1,2,10,18, 31) which may induce internal metabolic changes 
leading to increased concentration of respiratory substrate or of respiratory 
enzymes (3, 9,12,15, 30). 

The fall in respiratory activity of the slices after reaching its maximum 
has been considered by Stiles and Dent (30) as due to exhaustion of res¬ 
piratory substrate or to slow development of some depressant factor. The 
former seems to be the more probable explanation since Stiles and Dent 
(30) have shown that the respiratory quotient of beet root slices and other 
tissues decline from 1 down to 0.85 under conditions leading to starvation; 
and this has been attributed to the utilization of proteins after the depletion 
of the carbohydrate substrate. Relevant to this point it may be stated that 
feeding the radish root slices with sugar causes a great increase in the res¬ 
piration intensity of these slices well above that of the slices in distilled 
water (25). It must be remembered that while the more free accessibility 
of oxygen across the root slices tends to increase their respiration, the ex¬ 
haustion of the available respirable substrate opposes and may even mask 
the effect of oxygen. Said and Shishiny (25) have shown that the increase 
in respiration rate with increase in specific tissue surface is much greater in 
sugar-fed slices than in slices suspended in water. 

Third experiment 

Respiration and nitrogen metabolism op sliced radish roots. —Previ¬ 
ous work (24, 25) has shown that the slices most suitable for the study of 
respiration and metabolism are those of 1 mm. thickness. For the present 
experiment, therefore, four more or less comparable samples of radish root 
slices of 1 mm. thickness were prepared in the following way: two consecu¬ 
tive discs were dried between blotting papers and then halved; each half was 
placed at random in one ’of four tin boxes whose weights had been deter¬ 
mined, this procedure continued until about 20 grams of slices were obtained 
in eacfy box. The four samples were first washed with calcium hypochlorite 
solution and then with sterilized distilled water. Samples 1 and 2 were 
extracted in boiling water and analyzed for their initial nitrogen fractions 
immediately. Samples 3 and 4, on the other hand, were placed in two respi¬ 
ration-chambers, each containing 200 ml. of sterilized distilled water through 
which carbon-dioxide-free air was passed, and their carbon-dioxide outputs 
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were measured at 5-hour intervals. After 50 houip, when the respiration 
reached its steady rate, sample 3 was removed, extracted, and then analyzed 
for the various nitrogenous fractions. Sample 4 was left to continue respir¬ 
ing for another period of 55 hours and then analyzed for its nitrogenous 
fractions. 

Respiration op radish slices. —The respiration of sample 4 is graphically 
represented in figure 3, being calculated in grams carbon dioxide per 100 
grams fresh weight of slices per hour. The results of this experiment con¬ 
firmed those of the previous one in showing that on first separating the thin 
slices from the root, their respiration starts low, and then increases to a 
maximum rate which may be reached after 20 to 30 hours, depending upon 
the previous history of the plant organ and experimental conditions such as 



Fig. 3. Drift in the respiration rate of radish root slices. 

temperature et cetera. This is followed by a subsequent rapid decline to a 
low steady rate which may be maintained for prolonged periods with very 
slight tendency to fall. 

Analysis of tissues.— The results obtained from the analysis of the 
tissues for their nitrogenous fractions are given in table II. It is clear 
that the radish slices showed great changes in their nitrogenous fractions 
in the first 50 hours that followed cutting out the slices. After this period, 
very few changes took place in the nitrogenous fractions during the next 55 
hours. It should be recalled that during this latter period the respiration of 
the slices was maintained at a low and steady level. 

The essential change in the nitrogen metabolism that resulted from cut¬ 
ting out the discs was a decrease in the total soluble-N and an increase in 
the protein-N. The increase in the protein-N was too small to account for 
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the decrease in the total soluble nitrogen. Examining the mean value of 
the total nitrogen of the initial samples 1 and 2 and that of sample 3, it 
was found that sample 3 had lost 40.0 mg. nitrogen per 100 gm. fresh weight 
of tissues, which must have diffused out into the water medium. When 
the latter was analyzed, 39.3 mg. nitrogen could be recovered from the 
medium of 100 gm. fresh weight of slices. 

It is interesting to note that although the radish slices lost a good deal 
of their nitrate nitrogen during the first 50 hours, yet no trace of nitrates, 
and insignificantly small amounts of ammonia-N, could be detected in the 
nitrogen recovered from the water medium. It seems, therefore, that the 
nitrates which disappeared from the tissues during the wounding metabolism 
must have been reduced and then transformed into some organic soluble 


TABLE II 

The effect of root slicing on nitrogen distribction ; all fractions \kk <ii\en 

IN MILLIGRAMS PF.R 100 GRAMS FRESH WEIGHT 


Samples 

w 

06 

Q 

Ut 

i 

Ph 

Nitrate N 

2 

s? 

o 

a 

a 

< 

Amide X 

Other X 

Tot\l 
Soluble X' 

Protein X 

: 

'A 

3 1 

H 

O 

H 

Nitrogen 

EECoverfd 

FROM THE 

WVTER MED! \ 



mg . 

mg . 

mg . 

mg . 

mg . 

mg . 

mg . 

mg . 

1 

Analyzed 

39.5 

3.7 

9.7 

66.4 

119.3 

59.6 

178.9 


O 

immediately 

50 hr. in 

38.2 

3.7 

10.2 

64.9 

117.0 

62.6 

179.6 


3 

distilled 

water 

105 hr. in 

| 15.7 

1.8 

3.2 

48.4 

69.1 

70.2 

139.3 

39.3 

4 

distilled 

water 

14.8 

1.2 

6.8 

44.8 

67.6 

70.6 

138.2 

40.5 


form. The latter, together with the ‘'other nitrogen” already present in the 
slices, might have been partly synthesized into protein and partly excreted 
into the external medium. 

Another alternative that seemed plausible was that the protoplasm of the 
cut cells on the surfaces of the slices might have been disorganized and its 
proteins broken down into organic soluble compounds which appeared in 
the water medium. In the meantime, some nitrates, together with some of 
the “other nitrogen,” were synthesized into proteins, thus compensating 
for all the protein of the disorganized cut cells and even exceeding the initial 
protein nitrogen content by 9 mg. per 100 gm. fresh weight of slices. Both 
alternatives might take place. 

The amide nitrogen that disappeared from the slices during the first 50 
hours o^the experiment was most probably excreted into the medium. The 
increase in this nitrogen fraction during the later part of the experiment 
might have come from amidation of some amino-acids. 
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Fourth experiment ( 

Respiration and nitrogen metabolism op radish slices in alternating 
air and nitrogen atmospheres. —Eight more or less comparable samples, 
20 grams each, of radish root slices of 1 mm. thickness were prepared. Two 
samples were extracted in boiling distilled water and then analyzed immedi¬ 
ately for their initial nitrogen fractions. The remaining samples were 
washed in running tap-water for a few minutes and then placed in six 
respiration chambers, each containing 200 ml. of sterilized distilled water, 
and were all kept at a constant temperature of 25° C. Carbon-dioxide-free 
air was passed through the water in all the chambers at a steady rate of 2 
liters per chamber per hour. The carbon dioxide given off by two repre¬ 
sentative samples was collected in two sets of Pettenkofer tubes and was 



Fia. 4. Respiration rates of radish slices in alternating air and nitrogen atmos¬ 
pheres. 

determined at 5-hour intervals. After 70 hours, two samples were drained, 
extracted and then analyzed for their nitrogen fractions. At the same time, 
pure nitrogen was passed through the remaining chambers, and the respira¬ 
tion rate w r as followed under the new conditions for a period of 25 hours. 
After that two more samples were extracted and analyzed while the last 
couple of samples were allowed to respire in carbon-dioxide-free air again 
for a further period of 25 hours, after which they were analyzed for their 
nitrogen fractions. 

Respiration op the slices. —The average drift in the respiration rate 
of the radish slices in alternating air and nitrogen atmospheres is illus¬ 
trated in figure 4. It is clear that the slices first showed the respiration 
rate characteristic of wound-metabolism, which lasted about 45 hours, after 
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which the respiration rate declined to a low steady rate. At the seventieth 
hour, the radish slices were transferred from air to nitrogen, and their 
respiration rate dropped rapidly to another level below that of the air-line 
respiration. This lower carbon-dioxide output was more or less maintained 
during the period of anaerobiosis, and after 25 hours the slices were trans¬ 
ferred back to air and their respiration rose very sharply above the air-line 
rate. After that the respiration continued at a steady decreasing ratfe. Other 
similar but prolonged experiments showed that the air-line respiration rate 
was usually reached about 48 hours after transference from nitrogen to air. 
It might be interesting to point out here that when the line of anaerobic 
respiration (fig. 4) was extrapolated back to the point of transference from 
air to nitrogen, the initial anaerobic respiration (TNR) could be evaluated, 
and the ratio of INR to the aerobic respiration just before transference could 
thus be obtained. This ratio was found to be 0.62, which clearly indicated 
that some oxidative anabolism occurred during aerobic respiration, but its 
value was much below that obtained by Blackman for apple fruits ( 4 ). 
Similar results were reported by Shoitdhury (26) and Stiles & Dent (30). 

Analysis of tissues 

The analysis of the sliced samples for their various nitrogen fractions 
are recorded in table III. 

The behavior of total soluble and protein nitrogen 

During the first period of 70 hours, the radish slices showed a decrease 
in their total soluble' nitrogen amounting to 38.3 mg. per 100 gm. fresh 

TABLE III 

The effect of alternation of air and nitrogen atmospheres on the nitrogen 

FRACTIONS OF RADISH SLICES, CALCULATED IN MILLIGRAMS 
PER 100 GRAMS FRESH WEIGHT* 
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* The values included in this table are means for duplicate samples. 













SAiD AND EL SHISHINT: RESPIRATION IN RADISH 


461 


weight of tissues. This decrease could be accounted for partly by some 
increase in the protein nitrogen and partly by the soluble organic nitrogen 
recovered from the external water media, thus adding further support to 
the results of the previous experiment. 

During the following period of 25 hours, the plant tissues were respiring 
anaerobically, and there was a slight tendency of protein hydrolysis with 
corresponding increase in the soluble nitrogen content. Such-protein hydro¬ 
lysis, however, did not seem to be a direct result of anaerobiosis since it 
continued even when the nitrogen atmosphere was substituted by air in 
the last 25 hours of the experiment. This protein breakdown was most 
probably due to low carbohydrate content of the plant tissues. 

The BEHAVIOR OF NITRATE NITROGEN 

Similar to the findings of the previous experiment, the greatest change 
in the nitrate nitrogen fraction took place during the early period that fol¬ 
lowed the slicing of the roots. All the nitrates that disappeared from the 
tissues were not detected in the medium and were presumably synthesized 
into some organic form. During the 25 hours of anaerobiosis, there was 
no apparent change in the nitrate content of the tissue slices. It should 
be recalled that this period was characterized by the lowest respiration rate; 
and assuming that nitrate reduction involved the utilization of energy of 
respiration, then under anaerobic conditions the respiration must have been 
too low to produce the energy necessary for such nitrate reduction. Alter¬ 
natively, the absence of oxygen from the atmosphere might have inhibited 
the action of the nitrate-reducing enzyme system [cf. Eckerson ( 7 , 8 ) ]. 

Transference of the radish slices from nitrogen back to air for another 
period of 25 hours resulted in a disappearance of 3.5 mg. of nitrate nitrogen 
per 100 gm. fresh weight of tissues. The high respiration obtained on trans¬ 
ference from nitrogen to air might have afforded enough energy for the 
resumption of nitrate reduction, or alternatively, the reducase enzyme sys¬ 
tem might have been reactivated by the oxygen of the atmosphere. 

The behavior of “other nitrogen” 

During the first period of 70 hours in air, this nitrogen fraction lost 
14.5 mg. per 100 gm. fresh weight of slices which probably together with the 
nitrogen obtained from nitrate reduction, contributed partly to the protein 
synthesis and partly to the nitrogen excreted into the water medium. The 
next period of 25 hours in nitrogen atmosphere resulted in an increase in 
this nitrogen fraction, which accounted for the slight protein hydrolysis 
as well as for the nitrogen lost from the sum of amide and ammonia nitrogen. 

When the slices were transferred from nitrogen back to air, the “other 
nitrogen” fraction gained partly from the continued protein hydrolysis 
and partly from the nitrate and amide nitrogen fractions. 

Summary 

1. Experiments are reported in which the respiration and the nitrogen 
metabolism of whole and sliced roots of Raphanus sativus Aegyptutcus are 



462 


PLANT PHYSIOLOGY 


studied. The effect of alternating air and nitrogen atmospheres is also 
discussed. 

2. Respiration of mature whole roots proceeds along a steady low level 
for prolonged periods. Slicing of the root results in rapid and irregular 
increase in the respiration rate for about 25 hours, after which the latter 
subsides until it reaches a steady level parallel to that of the intact root but 
slightly higher. 

3. Transference of radish root slices from air to nitrogen results in a 
drop in the respiration to a steady level below that in air. On re-exposing 
the slices to air, their respiration rate increases suddenly to a level higher 
than the air-line rate and then subsides gradually until it reaches the air¬ 
line rate after about 48 hours. The relationship between aerobic and an¬ 
aerobic respiration rates shows that the oxidative anabolism, which occurs 
during aerobic respiration, is much lower than that reported by Blackman 
for apple fruits. 

4. Very little change takes place in the various nitrogen fractions in 
whole mature radish roots. The high irregular respiration of the sliced 
roots is always accompanied by protein synthesis at the expense of both 
nitrate and “other nitrogen” fractions. Some soluble organic nitrogen is 
always recovered from the water in which the slices are floated, and its origin 
is discussed. 

5. Under anaerobic conditions, nitrate reduction is inhibited. 

Botany Department 
Faculty of Science 
Fouad I University 
Cairo, Egypt 
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NITROGEN METABOLISM OF DETACHED CORN LEAVES 
IN DARKNESS AND IN LIGHT 1 
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When corn seedlings absorb large amounts of ammonium nitrogen from 
complete nutrient solutions high in ammonium, soluble nitrogen compounds 
accumulate in the tissues of shoot and root but the true protein remains 
relatively constant (15). Ammonia does not accumulate rapidly in tissues 
of the corn plant until asparagine, glutamine, a-amino nitrogen and peptides 
have reached relatively high values. In order to determine the role of 
these compounds in protein catabolism, the changes in nitrogen composition 
of detached leaves maintained in darkness and in intermittent light and 
darkness were studied and the results are reported here. 

Yarwood (20) has recently reviewed the subject of detached leaf cul¬ 
ture. Similar studies have been made on leaves of rhubarb (14), barley 
(21), Kikuyu grass (17, 18), and sudan grass (18), and oats (17) cultured 
in continuous darkness, and tobacco (12) and runner bean leaves (2) in 
light and darkness. The results show in general that protein hydrolysis 
begins soon after the leaf is detached and that amino nitrogen, and either, or 
both of the amides, glutamine and asparagine, accumulate. Whether this 
loss of protein on detachment of the leaf is due to lack of supply of some 
external factor or hormone or to some internal factor has been the object of 
speculation (1, 16, 13). 

Materials and methods 

Seventy vigorous and not fully mature corn leaves and their attached 
sheaths were selected on July 25 from plants averaging about 3 ft. high in 
a field of open-pollinated yellow dent corn grown in a fertile field on the 
North Station Farm. Leaves were taken from the second and third nodes 
above the soil surface by cutting the sheath just above the node. 

Ten leaves selected at random were dried immediately for a control or 
initial sample; 30 leaves were chosen for a light series and 30 for a dark 
series. The light series was placed in 6 earthenware 2-gallon crocks (5 
leaves per crock) with the leaf sheaths inserted through large holes in the 
covers. Each crock contained 4 liters of 0.005 N CaS0 4 and the leaf sheath 
dipped 3-4 inches into the solution. The light series was kept in a white¬ 
washed greenhouse with air temperatures varying from 70° to 90° C., and 
subject to the usual diurnal fluctuations of light intensity. The dark series 
was similar in all details except that they were kept in a dark room in a 
temperature range of about 70° to 85° C. 

1 Published with the approval of the Director of the South Dakota Agricultural Ex¬ 
periment Station as Journal Paper no. 208. 
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At intervals of 3, 6, and 9 days at approximately 3 p.m. ten leaves were 
chosen at random from the dark series and light series, respectively, for 
weights and subsequent determinations. Green weights were taken after 
blotting the excess solution from the sheath, and the leaves dried for 2$ 
hours in a forced draft oven at 80° C. Glutamine in plant material is stable 
under these drying conditions ( 10 ). Dry weights were obtained and the 
tissue ground in a Wiley mill to pass a 60 mesh screen. All samples were 
stored in bottles until analyses could be made. 

The analytical procedures used were essentially those used previously 
( 16 ) except for the following modifications. Ammonia and glutamine- and 
asparagine-amide nitrogen were determined on extracts made by mixing 
3 gm. dried ground tissue and 60 cc. distilled H 2 0 and heating with stirring 
for 10 minutes to 75° C., then chilling in a refrigerator and filtering through 
quantitative paper. Extracts for total soluble and Van Slyke o-amino 
nitrogen were made by extracting 10 gm. dry tissue with 200 cc. dist. H 2 0, 
heating to 80° C., filtering while hot, and cooling. Three gm. dry trichlor¬ 
acetic acid was added per 100 cc. extract and filtered to give the extract 
used. Total soluble nitrogen was determined by the iron-reduction method 
of Pucher et al. ( 8 ). Residual a-amino nitrogen was obtained by subtract¬ 
ing the total amide nitrogen from the Van Slyke a-amino nitrogen ( 16 ). 
Nitrate nitrogen was determined by extracting 2.5 gm. ground dry tissue 
with 200 cc. hot distilled water in a 250-cc. flask, cooling, clarifying with 
10 cc. saturated neutral lead acetate, and filtering after making to volume. 
To duplicate 100-cc. aliquots of extract and 200 cc. distilled H 2 0 in a Kjeldahl 
flask, 25 cc. of 10% NaOH was added and the volume boiled down to about 
150 cc. to remove ammonia and hydrolyzable amide nitrogen. When cool, 
200 cc. of water and 3 gm. Devarda’s alloy were added, the nitrate nitrogen 
reduced to NH 8 -nitrogen and distilled into standard acid. 2 Total nitrogen 
was obtained by summing the true protein nitrogen and total soluble 
nitrogen. 

Results 

The weights and analytical data are presented in table T. The leaves 
of cultures 4 and 5 at time of harvest were brown and dehydrated along the 
margins and there was a considerable amount of necrotic tissue at the tips 
of the blades. In cultures 6 and 7, which were 3 days older, the necrotic 
areas were more extensive and small brown patches of brown tissue occurred 
in the blade. A general yellowing of the leaf tissue did not occur, however, 
in either the dark or light cultures. The pattern of necrosis of leaf tissue 
was quite similar in both the dark and light series and is comparable to the 
injury obtained when ammonium nitrogen was supplied to intact plants 
from relatively concentrated solutions of (NH 4 ) 2 S0 4 ( 16 ), except that 
rolling of the leaf blade did not occur. 

Necrosis ^f the leaf tissue may account for the gradual decrease in water 

* Essentially the method of R. W. Gerdel as modified by O. E. Olson. Proc. South 
Dakota Acad. Sci. 20: 95-101. 1940. 
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content of the leaves under both environmental conditions as shown in 
table 1. However, dehydration of non-necrotic areas of the leaf may have 
also been involved. Water content of the leaves may have reached some 
maximal value between 0 and 3 days that is not shown by the data. Vickery 
et al. (12) found that detached leaves of tobacco imbibed water from water 
and glucose solutions and maintained their higher water content for more 
than 100 hours after detachment. 

Although the cultures were not sterile, only culture 7 showed any evi¬ 
dence of gross contamination. In this case the lower one-half inch of the 
sheath was slimy from bacterial growth. This portion was removed, dried, 
weighed, and the weight included in the total dry weight. The tissue, how¬ 
ever, was discarded. 

In the light series, the total sugars and sucrose increased during the 
period of culture while the reducing sugars remained relatively constant. 
Detachment of the leaf from the plant apparently blocks translocation of 
carbohydrate, but does not seriously interfere, if at all, with photosynthesis 
(20). On the other hand, in the dark series, a great loss of both sucrose 
and reducing sugars occurred. These two series of detached leaves, then 
represent two distinct levels of carbohydrate supply in comparison to which 
nitrogen metabolism may be studied. 

Due to probable variations in the original weights of the leaves of each 
culture, the dry weights at harvest (table I) are not reliable indices of 
changes in weight during the experiment but an increase in weight of the 
light series due to photosynthesis and a decrease in weight of the dark series 
due to respiration is quite probable. This inadequacy of the data renders 
calculations of totals for each constituent of the leaf unreliable. 

Nitrogen changes can be evaluated in percentage of total nitrogen, how¬ 
ever, if losses of nitrogen did not occur. Losses of gaseous ammonia were 
not detected as Yemm (21) found with detached barley leaves cultured in 
the dark. At the end of the experiment, all of the solutions for the light 
series were composited, filtered, and aliquots taken for analyses. The solu¬ 
tions contained a total of 50 mg. total nitrogen of which 92% was NH 3 . 
nitrogen. Composited solutions from the dark series contained a total of 
17 mg. nitrogen, but ammonia-nitrogen w T as not present. No nitrates or 
nitrites were detected in the residual cultures of either series. The maxi¬ 
mum loss of 50 mg. nitrogen for 30 leaves in the light series is equivalent 
to an average loss of 16.7 mg. nitrogen per 10 leaves. Since the initial 
leaves contained a total of 890 mg. total nitrogen the loss to the culture 
amounted to 1.9% of the total nitrogen. This loss is negligible in relation 
to the totpl nitrogen and permits comparison of the nitrogen constituents 
of the different cultures in per cent of total nitrogen per kilogram (dry 
weight basis), since all values for each culture are subject to the same in¬ 
crease or decrease in the dry weight. There is an increasing amount of 
evidence that loss of nitrogen in unknown gaseous form may occur ( 13 ), 
but it is relatively quite small in relation to the total nitrogen. Vickery 
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et al. (12,14) found that the total nitrogen of detached rhubarb and tobacco 
leaves did not change within the limits of accuracy of their analytical 
methods. 

Figure 1 shows the changes in nitrogen constituents in per cent of total 
nitrogen per kilogram dry weight for each culture in the light and dark 
series, respectively. The distance between two lines represents the per¬ 
centage for that constitutent of the total nitrogen. In both series hydrolysis 
of protein nitrogen occurred at a rapid rate and tended to decrease with 
time so that at the end of 9 days the protein level was little more than half 
of the initial value. The greater hydrolysis in the dark than in light was 
consistent and may have been significant, but the oustanding conclusion is 
that light and a high carbohydrate level resulting from photosynthesis and 
interrupted translocation exerted no sparing action on the leaf protein. 
Vickery et al. (12) obtained similar results with tobacco leaves. 

FORMS OF 
NITROGEN 


UNDETER 

SOLUBLE 

RESIOUAL 
c -AMINO 


ASPARAGINE 

GLUTAMINE 

nh 3 

"TRUE 

PROTEIN" 


Fig. 1. Nitrogen distribution in detached corn leaves cultured for the period indi¬ 
cated in ordinary daylight and in complete darkness. 

Soluble organic nitrogen compounds and ammonia accumulated in the 
leaf tissues of both series at the expense of the hydrolyzed protein, but some 
may have come in the light series from the reduction of nitrate and the sub¬ 
sequent combination of the reduction products with keto acids, etc. Amino 
nitrogen, asparagine, glutamine, and ammonium, in decreasing order of 
magnitudes, were the forms of nitrogen produced in the dark series. In 
the light series, undetermined soluble nitrogen accumulated in the early 
stages of protein hydrolysis, but the other constituents retained their same 
relative order, as in the dark series. Undetermined soluble nitrogen as here 
used consists of much peptide nitrogen (16). The relative rank of impor¬ 
tance of these compounds or groups of compounds in protein catabolism of 
the leaf in light is quite comparable to their relative importance in metabo¬ 
lizing ammonia absorbed from the substrate by intact plants (16). 
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In the light series the accumulation of ammonia in the leaf tissues was 
less than in the dark series. If it is assumed, however, that the ammonia 
found in the residual cultures of the light series came from the tissues then 
calculations show that the amount of ammonium produced is not greatly 
different. In these experiments, like those previously reported on intact 
plants, there is no conclusive proof that accumulation of ammonia is re¬ 
sponsible for the tissue injury noted since its accumulation is always asso¬ 
ciated with other profound metabolic changes. 

Reduction of nitrates in the leaves of the light series may have occurred 
as indicated in figure 1. The original leaves were extremely high in nitrates, 
but this is not unusual for corn growing on soils in this section. The nitrates 
are not uniformly distributed in the leaf, but are higher in the sheath and the 




Tig. 2 (left). Asparagine accumulates rapidly in detached corn leaves cultured in 
either darkness or light. 

Fig. 3 (right). Amino nitrogen, in addition to that associated with the amides, 
accumulates in detached corn leaves and at a rate twice that of asparagine nitrogen. 


midrib than in the lamina. At the time of cutting, the leaf blade had a 
higher total nitrogen content, than the sheath tissue, about twice the a-amino 
and basic nitrogen content, approximately the same amounts of ammonia, 
glutamine, and asparagine and about one-half as much water-soluble nitrogen. 
In the dark series the nitrate content is somewhat erratic and in the interval 
3 to 6 days the data indicate that nitrate actually accumulated. Whether 
this is significant cannot be determined from the data, but nitrate production 
has been noted in detached leaves cultured in the dark (5,12). 

Asparagine nitrogen and residual a-amino nitrogen in per cent of total 
nitrogen are plotted respectively in figures 2 and 3. Different units for the 
percentage scale are chosen in the graphs to show the similarity of the 
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nitrogen in 


Residual a-amino nitrogen accumulates at twice the rate of 
detached corn leaves regardless of the conditions of illumination. 


asparagine 


paragme and a-anuno nitrogen curves in both the light series and in the 
dark series. This apparent equilibrium of asparagine and a-amino nitrogen 
with the a-am.no nitrogen twice that of the asparagine nitrogen, is more 
strikingly shown in figure 4 where asparagine nitrogen is plotted against 
residual a-ammo nitrogen for both the dark and light series. 

Figures 2 and 3 show that more asparagine and a-amino nitrogen were 
podueed (luring the first 6 days of culture in darkness than in light and 

neri T' 7 *7 !° *** somewhat " reater P^tein hydrolysis during this 

period in darkness than in light and to the fact that protein hydrolysis was 

^rr;2 darkn -r ptides not accumuiati ^ w m ^m P0 . 

. . sp ries. At the end of 9 days, however, asparagine and 

ThiThlr C0I,tentS W6re greater in the ]i ? ht **ries than in the dark. 

. ger pro< uctlon of these constituents in the interval 6 to 9 days in the 
light series, as contrasted with the dark series, coincided with a significant 
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Accumulation of glutamine is quite unlike that of asparagine and a-amino 
nitrogen as shown by figure 5 in comparison with figures 2 and 3. Glutamine 
production is much greater in the dark than in the light except in the first 
3 days of culture. In the light asparagine and glutamine nitrogen increased 
10.3% and 2.7% of the total nitrogen, respectively, in 9 days, whereas in the 
dark the gains were 8.0% and 7.0%, respectively. 

In figure 6 glutamine nitrogen is plotted against residual a-amino nitro¬ 
gen for both the dark and light series. Whereas a simple equilibrium exists 
between asparagine and residual a-amino nitrogen regardless of the light 
conditions and sugar content as shown in figure 4, the experimental condi¬ 
tions profoundly modify the glutamine a-amino nitrogen relationship. In 



Fig. 6. Glutamine synthesis, unlike asparagine, is not related to residual amino 
nitrogen accumulation. Compare figure 4. 

the light glutamine is unable to keep abreast of a-amino nitrogen accumula¬ 
tion, but in the dark from 6 to 9 days glutamine is preferentially formed. 

Discussion 

Three significant points are brought out by the data presented that are 
of fundamental importance to the physiologist and the biochemist in the 
study of plant metabolism. 

The first is the similarity of the catabolic processes in the leaf following 
its detachment whether it is kept in light or darkness. In spite of an in¬ 
creasing carbohydrate supply in the illuminated leaf, the rate of protein 
hydrolysis and the accumulation of soluble nitrogen compounds, amino acids, 
and amides is quite similar to that of the starving leaf. Although detached 
leaves of some plants can form protein (7, 16), Vickery et al. (12) found 
that tobacco Reaves cultured in water, glucose and ammonium solutions lost 
protein at similar rates in continuous darkness or in continuous light. Chib- 
nall (2) obtained similar results with cultures of runner bean leaves in 
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strongly diffused daylight and in darkness. He (1), later postulated hor- 
monic control by the roots of the protein level of the leaf, but reserved judg¬ 
ment until after further experimentation. Wood (16) has recently dis¬ 
cussed hormonic control and Vickert et al. (13) have recently summarized 
the problem as follows: “Thus detached leaf culture experiments furnish a 
picture of the disintegration of the chemical systems of the cell when the 
controls upon these delicately adjusted relationships are removed. The in¬ 
ference is unavoidable that these controls play their roles effectively only 
when the organism is intact; accordingly, certain factors in the controlling 
mechanisms must have their origins in other tissues than the leaves.” 

Petrie ( 6 ) regarded the protein level as being maintained at a super¬ 
optimum concentration by oxidative metabolism with ample carbohydrate, 
oxygen supply and assimilable nitrogen being essential for the continuous 
supply of energy. If this picture is correct it is apparent with detached 
corn leaves that detachment has interrupted the supply of some essential 
component. ' To say that it is hormonic is only a convenience. 

Studies with heavy nitrogen (4, 11) have shown that the protein of the 
leaf is constantly undergoing hydrolysis and resynthesis. Wood et al. (18) 
have shown that some amino acids are preferentially oxidized in leaves. 
Such preferential oxidation of amino acids in the protein cycle might lead to 
a deficiency of an amino acid if it is synthesized only in the roots and trans¬ 
located to the leaves. The importance of the roots of corn in the synthesis 
of asparagine, glutamine and a-amino acids has been shown by the writers 
(15). Further work with detached leaves cultured in dilute solutions of 
single amino acids, vitamins, hormones, purines, pyrimidines, and extracts 
of roots is needed. 

The second point is the equilibrium existing between asparagine and 
residual a-amino nitrogen over a wide range of concentrations and indepen¬ 
dent of the conditions of hydrolysis as shown in figure 4. Such an equiva¬ 
lence either in detached leaves or with intact plants has not been reported. 
A change of 2% in residual amino nitrogen is equivalent to a change of 1% 
in asparagine nitrogen. 

Chibnall and Nolan (3) have reported that leaf cytoplasmic protein 
contains 7.44% amide nitrogen. Using this figure, the amount of amide 
nitrogen expected from the hydrolysis of protein corrected for changes in 
undetermined soluble nitrogen can be calculated and are shown in table II. 
This assumes that the undetermined soluble nitrogen is largely peptide (15) 
and of the same amino-acid composition as the hydrolyzed protein. The 
equation used is: expected A-amide = 0.0744 (loss of protein + loss undeter¬ 
mined soluble nitrogen). Table II also shows the actual changes in amide 
nitrogen for various periods. Only about one-third of the amide nitrogen 
synthesized can come from the protein hydrolyzed; the remainder is 
synthesized in secondary reactions. Other investigations (12, 14, 21) 
have shown with detached leaves that a large portion of the amides are of 
secondary origin. 
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If the amides were of primary origin then a constant ratio of asparagine 
to residual a-amino nitrogen might be expected. However, since a large 
part of the asparagine is the product of oxidations of amino acids to produce 
ammonium, and the combination of this ammonia with aspartic acid, pro¬ 
duced possibly in part by transaminations (9), the equivalence of amino 
nitrogen and asparagine cannot be explained with the data now available. 
This is more significant in view of the fact that probably not all of the amino 
acids represented in the determined complex enter into the equilibrium. 
Some are more easily oxidized than others (18), and some do not enter into 
transamination reactions (9). 

The third point is the effect of darkness on the accumulation of gluta¬ 
mine. In the light cultures the rate-of accumulation of glutamine decreased 
with time and did not keep pace with the accumulation of residual amino 
acids. In darkness, however, glutamine synthesis was very rapid in the 3-6 

TABLE II 

Calculated increase in amide nitrogen expected from protein and peptides 

HYDROLYZED, THE INCREASE IN AMIDE OBTAINED, AND THEIR RATIO 

Period 


3.2 
2.96 
3.22 

2.72 
3.22 
2,32 

day period and at the end of 9 days they contained more than twice as much 
glutamine as the leaves in the light. Figure 6 shows no relationship between 
glutamine and residual amino nitrogen. Apparently metabolism condi¬ 
tioned by the presence or absence of light is of primary importance in the 
secondary synthesis of glutamine. 

Vickery et al. (12) found that light was essential to glutamine synthesis 
in cultured tobacco leaves, almost none being formed in leaves in the dark. 
Although these results with com are contradictory to those with tobacco, 
they are not as clear cut because there was appreciable glutamine synthesis 
under both conditions. 

Adequate explanation of the results obtained here cannot be given until 
more is known of the intermediates, precursors, and enzyme systems involved 
in bringing about the observed changes in composition. 

* Summary 

1. Leaves with attached sheaths of field-grown dent corn were cultured 
in continuous darkness and in a greenhouse for periods up to 9 days, with 
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the sheaths dipping into dilute CaS0 4 solution. At 3-day intervals ten 
leaves from each series were removed, weighed, dried, reweighed and ground 
for determinations of sugars and various nitrogen fractions. 

2. Reducing sugars and sucrose were rapidly depleted in the dark, but 
sucrose increased in the light series while reducing sugars were relatively 
constant. 

3. In percentage of the total nitrogen, protein was hydrolysed at com¬ 
parable rates in both series. Residual a-amino acids, asparagine, glutamine 
and ammonia, in decreasing order of magnitude, accumulated in the leaves. 
In the early stages of protein hydrolysis in the light, undetermined soluble 
nitrogen, mostly peptides, accumulated, but was subsequently hydrolyzed. 

4. Nitrates were reduced in the light series, but in the dark the results 
were erratic suggesting that nitrate formation might have been involved. 

5. A linear relation between residual a-amino nitrogen and asparagine 
nitrogen in the leaves in both series was obtained in the ratio 2:1. 

6. Glutamine synthesis in the dark was much greater than in the light, 
and was not related to the amino acid level. 

7. The similarity of the metabolic processes in light and dark is discussed 
in connection with the role of external factors in protein regulation in the 
leaf. 

Experiment Station Chemistry Department 
Sopth Dakota State College 
Brookings, South Dakota 
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A fundamental problem in experimental work with living tissues is the 
selection of samples in such a way that differences in composition which 
result from the treatment to which the material is exposed shall represent 
the effects of the treatment alone. There should be no opportunity for 
other processes to intervene and obscure the results. Complete isolation of 
the system under study can be effected, in the case of leaf tissue, only by 
excision from the plant. This has the disadvantage that the leaves are then 
merely “surviving organs” and soon begin to undergo changes that are ulti¬ 
mately lethal. Nevertheless, for a reasonable length of time, such leaves 
can be assumed to behave in a manner that reflects the normal course of 
metabolic events. 

The technique of excised leaf culture as applied in this laboratory (4, 5) 
consists in the selection at random of a group of approximately equal samples 
from a quantity of leaves picked from the plants at the same time, and there¬ 
fore, presumably, in the same biological and chemical condition. One or 
more samples are at once prepared for analysis, in order to provide a point 
of departure for the series, and the others are subjected to treatment. 
Samples are subsequently withdrawn from time to time for analysis, the 
data obtained being computed in terms of equal quantities of fresh tissue 
as weighed at the start of the experiment. Biological variation is mini¬ 
mized by the use of moderately large numbers of leaves per sample. Al¬ 
though the results are expressed in concentration units, they refer to origi¬ 
nally equal and similar lots of tissue. Accordingly, the differences from 
sample to sample furnish, within the limitations of biological and statistical 
variation, a measure of the actual magnitudes of the changes that have oc¬ 
curred. Errors arising from translocation are eliminated and, presumably, 
the only phenomena that affect the data are those associated with photo¬ 
synthesis, respiration, absorption of culture solution, transpiration, and 
chemical transformations occurring within the cells. 

The diurnal variation of acidity characteristic of crassulacean plants is 
a phenomenon admirably suited for study by this general method. The 
entire cycle of changes is normally completed within 24 hours, a period 
sufficiently short to justify the assumption that irreversible catabolic changes 
which may be initiated are of minor significance in comparison with the 

477 



478 


PLANT PHYSIOLOGY 


relatively much larger chemical changes associated with the normal metabo¬ 
lism of organic acids and carbohydrates. Accordingly, in the present paper, 
three experiments are described in which excised leaves of Bryophyllum 
calycinum were subjected to culture in water. In the first, leaves collected 
in the afternoon, at the time of low acidity, were cultured for 24 hours in 
the greenhouse exposed to the normal variation in illumination; in the 
second, similar leaves were cultured in complete darkness for 2 days and, 
in the third, leaves collected in the early morning, at the time of high acidity, 
were cultured in complete darkness also for 2 days. 

Methods 

Preparation of samples 

On March 12, 1940, 9 Bryophyllum plants from the lot described in a 
previous paper (8) were selected, and the compound leaves, beginning at 
the second from the top, were removed from 5 of them at 4 p.m. The indi¬ 
vidual leaflets were cut from the petioles and rapidly sorted into a number 
of piles according to size. The samples for the experiment were then chosen 
so that the same number of leaflets from each pile was included in each, 
there being three samples of 33 leaflets taken for one experiment and four 
samples of 34 leaflets for the second. One sample from each group was 
immediately placed in the drying oven at 80° C. 

The samples to be subjected to culture were arranged in long V-shaped 
troughs with the bases of the leaflets immersed in water, the blades being 
supported without overlap by the walls of the troughs. The troughs con¬ 
taining the 33-leaflet samples were placed in the greenhouse, the others in 
a completely dark room. All samples were in position within half an hour. 
The temperature of the greenhouse ranged from 20 to 27° C. during the 
24-hour period of the experiment, that of the dark room from 21 to 23°. 

The following morning at 7, shortly after sunrise, the other 4 plants were 
treated in the same way, four 39-leaflet samples being taken of which three 
were set up in the dark room by 7:15, the fourth being at once dried. The 
experiment carried out in the greenhouse was continued for 24 hours; the 
two experiments in darkness were extended for a second day in order to 
obtain information on the initiation of catabolic changes. 

The process of selection of samples provided for randomization within 
each sample with respect to the plant of origin. The plants chosen for the 
afternoon samples corresponded in size with the larger plants described in 
a previous paper (3), those" chosen for the morning samples corresponded 
to the smaller plants. Fundamental data on all of the samples are shown 
in table I. Analytical results obtained as percentages of the crude dry 
weight were calculated, with the use of factors derived from these figures, 
so as to give the quantity of the component that would have been obtained 
if each' sample of fresh- leaf had weighed exactly 1000 grams at the start. 

.The limits within which the samples duplicated each other with respect 
to composition may best be illustrated by the data for total nitrogen and ash. 
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Regardless of metabolic transformations within Ijhe cells during the period 
of culture, there should be no significant loss of nitrogen nor of inorganic 
components from the samples and no gain from the water used as culture 
medium. The mean value for the total nitrogen of the 11 samples was 
1.747 ± 0.072 gms. per kilo of original fresh weight. The standard devia¬ 
tion is ± 4.1% of the mean. The mean value for the ash was 8.94 ± 0.020 
gm. per kilo, the deviation being ± 2.3% of the mean. Accordingly, it may 
be assumed that differences substantially greater than ±. 4% observed for 
other components represent significant alterations in composition as a result 
of the treatment. 

TABLE I 

Fundamental data on samples of excised Bryopliylltim calycinum leaflets 

SUBJECTED TO CULTURE IN WATER. FIGURES NOT OTHERWISE DESIG¬ 
NATED ARE GRAMS. THE TIMES ARE STANDARD TIME 


Time of 
SAMPLING 

Elapsed 

TIME 

Number 

of 

LEAFLETS 

Fresh 
weight : 
start 

Fresh 

weight: 

end 

Crude 

dry 

WEIGHT 

Crude 

dry 

WEIGHT 

PER KILO 

Fresh 

WEIGHT 
PER KILO: 
END 


hrs. 


gm. 

gm. 

gm. 

gm. 

gm. 


4 P.M. 

0 

33 

193.1 


18.2 

94.26 


6 \.M. 

14.0 

33 

182.5 

185.6 

19.0 

104.1 

1017 

4 P.M. 

24.0 

33 

180.0 

177.5 

18.9 

105.0 

986 


Darkness: starting in afternoon 


4: 30 P.M. 
6: 30 A.M. 
4: 30 P.M. 

4 P.M. 

0 

14.0 

24.0 

47.5 

34 

34 

34 

34 

231.3 
217.6 
219.8 

202.3 

219.9 

221.9 
201.5 

21.3 

21.2 

21.2 

18.7 

92.08 

97.4 

96.45 

92.43 

1010 

1010 

996 

Darkness: starting at daybreak 

7 A.M. 

0 

39 

249.4 


23.7 

95.01 


4:15 P.M. 

9.25 

39 

243.5 

252.3 

23.1 

94.86 

1036 

8 A.M. 

25.0 

39 

250.5 

257.3 

21.7 

86.64 

1027 

8 A.M. 

49.0 

39 

251.1 

247.0 

21.5 

85.61 

983.5 


Results 

Culture in alternate darkness and light 

That diurnal variation in acidity occurs in detached leaves of Bryopliyl- 
lum subjected to culture in water is evident from the curve for pH in figure 
1. During the night, the pH dropped by 1.3 units, owing to synthesis of 
acids, and rose again during the day to a value even higher than that ob¬ 
served initially. The change was about twice as great (in pH units) as that 
observed in the leaves of intact plants described in a previous paper (3). 
These observations alone are sufficient to justify the fundamental assump¬ 
tion on which the present experiments are based, namely, that excision of* 
the leaves does not seriously interfere with the normal metabolic functions 
for at least 24 hours. 
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Notwithstanding the large change in total acid reflected in this change 
in pH, the alkalinity of the ash (fig. 1) remained constant. The mean value 
for the alkalinity of the ash of the entire set of 11 samples was 195.1 ± 5.8 
milliequivalents per kilo, the deviation being ± 3% of the mean. This is 
the same order of magnitude as the deviation in the nitrogen and ash content 
and is clearly a measure of the reproducibility of the samples rather than 
of any effect of treatment. The alkalinity of the ash is a determination of 
the difference between the number of equivalents of inorganic acidic and of 
inorganic basic components present after ignition of the tissue; inasmuch 
as no opportunity was afforded for translocation of inorganic acid or base 
into or out of the leaves, there was no way in which this difference could be 
altered by the treatment to which the leaves were subjected. 

Organic solids apparently increased during the period of darkness and 
remained essentially constant during the day (fig. 1). However, the ana¬ 
lytical determination of organic solids is especially difficult and subject to 
error and it is by no means certain, in view of the small number of samples, 
that the apparent increase, although it amounted to about 10%, was real. 
The similar samples cultured in the dark room (fig. 5) showed no compar¬ 
able effect. The ash (fig. 1) and the total nitrogen (fig. 2), as has already 
been pointed out, showed no significant change in the course of the experi¬ 
ment. 

The data presented so far are thus in agreement with the view that the 
three samples used for this experiment were initially sufficiently alike in 
composition to warrant the conclusion that changes in excess of 10% with 
respect to any analytical component represent alterations in composition as 
a result of the treatment to which they were exposed. The change in pro¬ 
tein nitrogen (fig. 2) furnishes an illustration of this; during the night, the 
protein nitrogen increased from 0.61 to 1.06 gm. per kilo and then diminished 
during the day to 0.65 gm. The change was similar both in magnitude and 
in its relationship to light to that observed in leaves of intact plants sub¬ 
jected to analogous treatment (3). Furthermore, as in the previous ex¬ 
periment, there were changes in soluble organic nitrogen symmetrical with 
those of protein nitrogen, the one increasing when the other diminished and 
vice versa. 

That the change in organic soluble nitrogen should be roughly equal and 
opposite to the change in protein nitrogen is to be expected. The quantity 
denoted protein nitrogen represents the nitrogen of the dried leaf tissue 
that remains insoluble after a sample is exhaustively extracted with hot 70% 
alcohol, a procedure designed to remove chlorophyll and other pigments 
together wi^h the soluble carbohydrates and simpler nitrogenous components, 
and subsequently further extracted with boiling water to remove a small 
additional quantity of water-soluble nitrogenous material. It is assumed 
that nitrogen |hat remains insoluble under these conditions belongs exclu¬ 
sively to denatured protein. "Wide application of the method has hitherto 
revealed no case that throws doubt on this conclusion. The soluble organic 
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Fros. 1 to 4. Composition of excised leaflets of Bryophyllum oalyciuum cultured in 
water for 24 hours in alternate darkness and light. Data are expressed in grams per 
kilo of fresh weight. 
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nitrogen is obtained by subtracting the protein nitrogen from the total nitro¬ 
gen and correcting the difference for nitrate and for the trace of free am¬ 
monia nitrogen present. If these are constant, as was very nearly the case 
in the present samples, the curve for soluble nitrogen must be nearly sym¬ 
metrical with that for protein nitrogen. 

Determinations were also made of the quantity of nitrogen that remained 
insoluble when samples of the dry tissue were extracted with hot water. 
With leaf tissues such as tobacco, results so obtained are practically the same 
as those after extraction successively with hot alcohol and hot water. With 
Bryophyllum leaves, the quantity of water-soluble nitrogen (fig. 2) is much 
smaller than that of soluble organic nitrogen as usually determined, and the 
difference between the two curves (fig. 2) furnishes a measure of the addi¬ 
tional nitrogen extracted by hot alcohol. Correspondingly, the quantity of 
water-insoluble nitrogen (fig. 2) is much greater than the protein nitrogen. 
Neither curve shows any clear effect of the treatment to which the leaves 
were subjected. Bryophyllum leaves obviously contain nitrogenous sub¬ 
stances that possess solubility relationships quite unlike those of the proteins 
of such more thoroughly studied leaves as tobacco, and the interpretation 
of the present data is correspondingly uncertain. If the method usually 
employed in this laboratory for the determination of protein nitrogen is in 
fact applicable to Bryophyllum, the data imply that a substantial part of 
the protein present in the early morning is converted, under the influence 
of light, into products that are soluble in hot alcohol. During the night, 
these products are reconverted into material, presumably protein, that has 
the same solubility as before. That the alteration in solubility is not merely 
an effect of the changed pH of the leaves was established by suitable separate 
experiments. 

The question of the nature of the products that are soluble in hot alcohol 
remains for more detailed study. That they are not normal products of 
proteolytic action such as amino acids or simple peptides is evident from 
the curve for amino nitrogen (fig. 2) for, at the time the protein nitrogen 
was increasing by substantially 0.4 gm., the amino nitrogen decreased by 
less than 0.1 gm.; correspondingly, while the protein nitrogen was dimin¬ 
ishing by 0.35 gm. the amino nitrogen also diminished by 0.17 gm. instead 
of increasing. The failure of these analytical quantities to correspond with 
each other either in magnitude or in the anticipated direction of change is 
evidence that the diurnal alteration in the apparent solubility of the protein 
is something other than protein digestion such as is observed in tobacco 
leaves cultured under similar conditions. 

' Diurnal variation of the total organic acids is shown in figure 3. During 
the night, the acids increased from 16.9 to 26.7 gm. per kilo, an increase of 
58% of the evening value; during the following day, they decreased to 18.1 
gm. As has*already been shown by the curve for pH, the normal diurnal 
process of'organic acid metabolism characteristic of this species w’as in no 
detectable way interfered with by excision of the leaves. Corresponding in 
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point of time with the change in the acids, there wa^ an even more extensive 
change, although in the opposite sense, in the quantity of starch. Starch 
decreased during the night from 22.6 to 9.2 gm. per kilo (calculated as glu¬ 
cose) and increased during the day to 28.5 gm. Nevertheless, the soluble 
carbohydrates scarcely changed significantly; there was at most a slight 
increase during the day. 

The chemical possibilities presented by these changes in composition are 
far too complex for detailed interpretation, and all that can be attempted 
is to point out certain inferences that may justifiably be drawn. The quan¬ 
tities of starch and organic acids involved are such that a roughly quantita¬ 
tive relationship of the nature of an equilibrium between starch and acid 
might be assumed to exist, that is to say, a reaction analogous to that offered 
as a speculation by Bennet-Clark (1) to account for the chief chemical 
reactions of crassulacean metabolism. During the night, 13.4 gm. of starch 
disappeared while 9.8 gm. of organic acids were formed. There was no 
change in the soluble carbohydrates so that the net change represents a loss 
of 3.6 gm. of organic substance. No such loss appears on the curve for 
organic solids; rather, there was an apparent increase of about 9 gm. which, 
from other considerations, it seems more conservative at present to interpret 
as being possibly due to biological variation between samples. Thus the 
evidence, as far as it goes, suggests that the respective alterations in the 
quantities of acids and of starch were the result of intracellular chemical 
reactions and it is quite possible that the acids arose in the course of a series 
of oxidation reactions which consumed starch. 

During the day, however. 19.3 gm. of starch appeared and 8.6 gm. of 
acids disappeared. The net increase in organic solids from these two reac¬ 
tions is about 12 gm. since there w r as also an increase of about 1 gm. of 
soluble carbohydrate. However, no increase of this magnitude is shown by 
the curve for the organic solids (fig. 1); these in fact remained constant and 
it seems reasonable to assume that, if about 12 gm. of starch were newly 
formed by photosynthesis from carbon dioxide acquired from the air, there 
would have been a clearly evident rise of the curve in figure 1. Thus the 
formation of starch in light must, in this ease, have also been largely the 
result of intracellular reactions and the quantity is considerably greater 
than could possibly have arisen from the organic acids even on the most 
favorable assumptions as to the efficiency of the reversal of the equilibrium 
which may have operated during the night. 

By far the greater part of the change in total organic acids arose from 
the change in malic acid (fig. 4). This substance increased from 3.3 to 13.0 
gm. per kilo, or by a factor of 4 during the night and decreased to less than 
the original value during the day. Citric acid underwent a parallel series 
of changes increasing from 1.3 to 3.1 gm. per kilo during the night and 
falling again during the day to 1.2 gm. Isocitric acid, however, behaved 
quite differently; it decreased from 12.1 to 10.4 gm. per kilo during the night 
and increased to 14.8 gm. during the day. These changes are in the opposite 
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sense to those of the malic and citric acids and they are proportionally much 
smaller ones; isocitric acid does not respond to illumination as extensively 
as the other two acids. The small quantity of oxalic acid present showed 
no significant change as a result of the treatment of the samples. 

Culture in complete darkness 

The data for the experiments carried out for 2 days in complete dark¬ 
ness are plotted in separate figures placed side by side for more convenient 
comparison of the effects upon leaves picked in the one case in the afternoon 
at the time of low acidity and, in the other, in the morning at the time of 
high acidity, these leaves, of course, having been in darkness during the 
night. 




Figs. 5, 6. Composition of excised leaflets of Bryophyllum calycinum cultured in 
water for 2 days in complete darkness. Data are expressed in grams per kilo of fresh 
weight. Figure 5 refers to leaves started in the afternoon at a time of low aeidity; 
figure 6 to leaves started in the morning at a time of high acidity. 

The pH of the samples placed on experiment in the afternoon was high 
(fig. 5) and dropped for the first few hours in the same way as it did in the 
first experiment. It then began slowly to rise and had increased by 0.4 
units at the end of 2 days. The pH of the samples started in the morning 
was low (fig. 6) and there was a slow and steady rise over the 2-day period 
that totaled about 0.6 units. The early parts of these curves reflect meta¬ 
bolic changes that were probably not greatly different from those that occur 
in normal leares; the events that took place during the second day, however, 
doubtless reflect the behavior of cells placed under gradually mounting 
metabolic stress. One of the first demonstrable effects of this stress is clearly 
a diminution in the acidity of the leaves. 
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The curves for alkalinity of ash, organic solids, and ash (figs. 5 and 6) 
and for total nitrogen (figs. 7 and 8) show, as did t'he similar data for the 
first experiment, no significant effect of the treatment of the samples. It is 
quite likely that the small drop in organic solids at the end of these two 
experiments represents a loss of organic material from respiration but the 
samples were too few in number and the experiment was not sufficiently 
prolonged to make this certain. Analogous experiments with tobacco leaves 
( 4 ) and rhubarb leaves (6), however, have shown that sueh a result is to 
be anticipated. 

The behavior of protein nitrogen in the two experiments was entirely 
different (figs. 7 and 8); in the samples started in the afternoon at a low 




Flos. 7, 8. Composition of excised leaflets of Bryophyllum caXycinum cultured in 
water for 2 days in complete darkness. Data are expressed in grams per kilo of fresh 
weight. Figure 7 refers to leaves started in the afternoon at a time of low acidity; 
figure 8 to leaves started in the morning at a time of high acidity. 

level, protein at first increased. After passing through a flat maximum, 
the quantity of protein nitrogen then decreased during the second day of 
the experiment. However, neither change was as striking as those encoun¬ 
tered in the first experiment (fig. 2); the increase was about 13% of the 
afternoon value and was thus probably significant, the decrease was 25% 
of the maximum value and of the validity of this there can be little doubt. 

The samples started in the morning at a high level of protein decreased 
only slightly in protein content during the first 9 hours but had dropped by 
39% at the end of 24 hours. There was no significant change during the 
second day. The effect of culture in darkness on the protein of Bryophyl¬ 
lum leaves is thus dependent upon the level of the protein present in the 
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leaves at the beginning of the experiment. If the culture is started at a 
low level at the end of the day, there appears to be a small increase, but if 
it is started in the morning at a high level, there is little if any significant 
change for about 9 hours; then, however, a change analogous to that ob¬ 
served in light supervenes and there is a marked fall. Interpretation of 
these changes must await more detailed analytical studies; for the present, 
all that can be stated is that the fall in protein is not accompanied by a 
marked rise in amino nitrogen (fig. 8) as would be expected if the reaction 
were one of protein hydrolysis. Rather, it would appear to be one of change 
in solubility of a substantial part of the protein such as might be supposed 
to result from some form of disaggregation into units that are not rendered 
insoluble by hot alcohol. 

The failure of the curves for soluble nitrogen to follow courses exactly 
symmetrical with those for the protein arises in part from the minor irregu¬ 
larities in the curves for total nitrogen. The changes that occurred in the 
early phases of the culture started in the afternoon were small and were 
about at the limit of certain detection by the analytical techniques. 

The leaves placed on experiment in the afternoon at low acidity promptly 
increased in total organic acids (fig. 9) just as in the first experiment. The 
acids remained at a high concentration for the whole of the first day but 
then rapidly diminished to a level lower than that at the start. Comparison 
of the curve with that for pH (fig. 5) shows that the drop in total acids was 
not accompanied by a correspondingly large increase in the pH and it is 
evident that pH by itself is an unreliable index of the magnitude of such 
changes. On the other hand, the leaves started in the morning at high 
acidity (fig. 10) did not maintain the level of organic acids then present; 
a continuous loss occurred although this did not become immediately evident 
on the curve for pH (fig. 6). 

The behavior of the starch was surprising; in the leaves started in the 
afternoon (fig. 9), starch decreased during the period that the acids were 
increasing, remained constant while the acids were maintained at a high level 
but then increased during the period that the acids were falling in concen¬ 
tration. This represents synthesis of starch in leaves in total darkness, an 
unusual observation at best, and one that might well be attributed to error 
had it not been confirmed by an even more striking synthesis of starch in 
the leaves started in the morning (fig. 10). In these, starch increased from 
6.2 to 12.6 gm. over the entire 2-day period at a rate which followed a smooth 
curve essentially symmetrical *with that for the total acids. 

It will be useful to consider the relative quantities of starch and organic 
acids involved in these changes. Figure 9 shows that, during the first 14 
hours in culture in darkness, 13.4 gm. of starch disappeared while 8.9 gm. 
of organic acids were formed. The change in soluble carbohydrate was 
insignificant £eing only .0.5 gm.; thus it is possible that the organic acids 
that were formed arose from oxidation reactions in which starch was con¬ 
sumed. There was a net decrease of 4.5 gm. of organic material, too little 
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Fios. 9 to 12. Composition of excised leaflets of Bryophyllum ealycinum cultured 
in water for 2 days in complete darkness. Data are expressed in grams per kilo of 
fresh weight. Figures 9 and 11 refer to leaves started in the afternoon at a time of 
low acidity; figures 10 and 12 to leaves started in the morning at a time of high acidity. 
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to be revealed with certainty on the curve for organic solids (fig. 5) in any 
case even if these were the only chemical reactions that occurred. Actually, 
the organic solids in the 14-hour sample were slightly greater than those in 
the initial sample although the difference was well within the limits of 
uncertainty in the determination. 

During the second day of the culture period, organic acids diminished 
by 11.7 gm. and starch increased by 4.3 gm. Compared with the experi¬ 
ment carried out in daylight, this is a small increase in starch. It was in¬ 
ferred from the data from the experiment in daylight that the organic acids 
could have contributed at most only a part of the material from which the 
starch was synthesized during illumination even on the assumption of com¬ 
plete reversibility of the reactions whereby the acids may have been pro¬ 
duced in darkness. In the present case, however, judging from the quanti¬ 
ties alone, there is a possibility that all of the starch formed in darkness 
could have arisen from such a reversal. However, this is not proof that 
such reactions occurred; all that has been established is that a significant 
quantity of starch was formed in darkness during a period when a sub¬ 
stantially larger quantity of organic acids disappeared. 

In the experiment in which the leaves were high in organic acids at the 
start (i.e., leaves which had remained attached to the plants during the 
night and in which the normal reactions of darkness had taken place), 9.4 
gm. of acids disappeared during the first day and 6.1 during the second. 
The quantities of starch formed in these intervals were, respectively, 3.1 
and 3.2 gm. Thus the behavior throughout was analogous to that during 
the second day of the other experiment in darkness. 

The details of the transformations of the organic acids are shown in 
figures 11 and 12. In the leaves started in the afternoon, there was a large 
increase of malic acid and a substantial one of citric acid during the first 24 
hours. During this interval, isocitric acid first increased and then dimin¬ 
ished. Throughout the second day, all three acids diminished at almost 
equal rates.' In the leaves started in the morning, malic acid remained 
nearly constant for 9 hours and then diminished rapidly, citric acid in¬ 
creased slightly at first, while isocitric acid underwent a sharp drop fol¬ 
lowed by a rise. During the second day, both malic and isocitric acids 
diminished while citric acid remained essentially constant. The relation¬ 
ships among the three acids strongly suggest that interconversions may have 
occurred; the temporary maintenance of malic acid at the initial high level 
and the small production of Citric acid may both be results of reactions that 
consumed isocitric acid. If malic acid was produced as rapidly from iso¬ 
citric acid as it was decomposed in the course of other reactions, the net 
quantity present would remain unchanged. The increase in citric acid may 
be assumed to result from transformation of isocitric acid via aconitic acid, 
a reaction w|ll known to occur in muscle tissue (2). In the interval between 
the pinth.and twenty-fifth hours of the culture period, the sharp fall in malic 
acid and the corresponding increase in isocitric acid may have been the effect 
of a reversal of the reaction that occurred during the first 9 hours. 
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Discussion , 

The chemical changes that occur during the first 24 hours of culture of 
excised leaves of Bryophyllum are, qualitatively, closely similar to those 
observed in normal leaves (3). Marked fluctuations occur in the form of 
nitrogen that is insoluble in hot alcohol and hot water and which has been 
interpreted as representing protein nitrogen. Leaves that have recently 
been illuminated are low in this component but protein is rapidly formed 
in such leaves when they are placed in the dark. Corresponding changes 
in the opposite direction take place in the soluble nitrogen. The acidity, 
whether measured as pH or by the titration of the organic acids extracted 
from the tissue, likewise undergoes wide variations, acids being synthesized 
in darkness and decomposed in light. Starch is formed during illumination 
but, unless the organic acids are undergoing decomposition, disappears in 
darkness so that the fluctuations are in the opposite sense to those of the 
organic acids. The largest share in the changes in the organic acids is 
taken by malic acid; citric acid varies in the same direction as malic acid but 
through a smaller range. Tsocitric acid, however, varies in a less regular 
manner and the changes that it undergoes are frequently in the opposite 
sense to those of malic acid, sometimes being large, sometimes small, in 
relation to it. 

The chief technical advantage of the leaf culture method is that, because 
of the complete isolation of the biological system, inferences may be drawn 
from the quantities of substances involved in the reactions provided the 
changes are large enough to be outside the range of probable biological varia¬ 
tion among samples. Within certain limits, therefore, specific interpretations 
of some of the reactions that occur may be attempted. 

It will be useful to point out the contrasts between the behavior of Bryo¬ 
phyllum leaves and those of tobacco when subjected to culture. Excised 
tobacco leaves cultured in water in light ( 4 ) exhibit a prompt and surpris¬ 
ingly large increase in organic solids, for the most part because of the syn¬ 
thesis of soluble carbohydrates and starch. In darkness, they undergo 
equally prompt losses owing to the uncompensated effect of respiration, and 
these losses fall heavily upon the carbohydrates and malic acid. The protein 
nitrogen diminishes rapidly under both conditions of culture; evidence was 
secured that implied the complete destruction of that part of the protein 
that disappeared, and indicated that the simple nitrogenous products formed 
underwent a succession of complex transformations. The experiments with 
tobacco leaves were extended for several days so that there is little doubt 
that the greater part of the changes observed, especially in the later stages, 
were catabolic in nature. They showed, however, that leaf cells are the seat 
of intense metabolic activity, and many of the changes were initiated within 
the first 24 hours. 

Excised Bryophyllum leaves likewise undergo profound metabolic 
changes in composition during culture but, in this species, some of the more 
conspicuous changes are a part of the normal cyclic behavior of the tissue 
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under the influence of diurnal variation in illumination. Certain of the 
reactions so clearly observed in tobacco leaves were, on the other baud, 
scarcely if at all demonstrable in this species in part because of the brevity 
of the experiment. This statement applies in particular to the reactions 
between the tissues and the oxygen and carbon dioxide of the air; no conclu¬ 
sive evidence was secured of photosynthesis in terms of an increase of organic 
solids in light, nor could loss of solids by respiration in darkness be demon¬ 
strated although it is possible that experiments more prolonged than the 
present ones might be successful in this. The evidence, as far as it goes, 
suggests what may be termed a more closed metabolic economy than that of 
the tobacco leaf, and observations that bear on this aspect of the problem 
are to be found in the literature. The work of Bennet-Clark (1) and of 
Wolf ( 6 ) on the respiratory quotient, for example, shows that the liberation 
of carbon dioxide drops to a very low level shortly after the leaves are placed 
in darkness at the time that acid production increases in intensity. It is 
reasonable to infer that carbon dioxide is being utilized within the tissues 
for the synthesis of organic acids, possibly, for example, of oxalacetic acid 
from pyruvic acid by the Wood and Werkman reaction. Later, during 
continued culture in darkness (i.e., after about 12 hours), carbon dioxide 
liberation by the leaves increases and this occurs at the time when the organic 
acids pass their maximum and begin to drop in concentration. Tts liberation 
is an evidence of decarboxylation reactions. 

Bennet-Clark likewise observed that oxygen uptake is high during the 
early phase of acid production but later diminishes. This is in agreement 
with the assumption that the formation of organic acids is a result of oxida¬ 
tion reactions involving carbohydrates, particularly starch. Tt is to be noted 
that both oxidation and carbon dioxide fixation are essential if the organic 
acid metabolism of Bryophvllum leaves is to be accounted for in terms of 
the tricarboxylic acid cycle of Krebs. Pyruvic acid may be assumed to 
arise from the decomposition of hexoses but an increase in length of the 
three carbon chain of pyruvic acid to four carbon atoms (i.e., conversion to 
oxalacetic acid) is essential if the subsequent production of malic acid is to 
be accounted for. Furthermore, oxalacetic acid is also an essential inter¬ 
mediate for the formation of isocitric and citric acids. Regardless, there¬ 
fore, of the absence of direct information on the presence of the specific 
enzyme systems necessary for these reactions, one is justified in advancing, 
as an hypothesis, the view that the transformations of organic acids observed 
in Bryophyllum leaves are'an expression of the activity of such enzyme 
systems. Op this view, the several organic acids are intimately linked with 
each ot&er by chemical equilibria and transformation of one acid into an¬ 
other, of carbohydrates into organic acids and even the reverse transforma¬ 
tion of organic acids to carbohydrates receive a rational explanation. The 
synthesis of starch in darkness when the concentration of organic acids is 
high becomes a phenomenon that is to be anticipated. It should be pointed 
out that all of the analytical data of the present experiments are in agree¬ 
ment with the requirements of this hypothesis. 
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During the second 24-hour period of the present experiments, however, 
other phenomena began to make their appearance. The early culture ex¬ 
periments of Bennet-Clark showed that the organic acids of Sedum praeal- 
tum leaves passed through a maximum in concentration after about 12 hours 
in darkness and subsequently declined. At the same time, carbon dioxide 
production increased. Wolf has made somewhat similar observations on 
Bryophyllum calycinum leaves, and the phenomena are very likely general 
for the Crassulaceae. In the present experiments, certain reactions were 
initiated which were the reverse of those noted during the first day. It is 
probably correct to assume that such reactions represent the beginning of 
the catabolic processes that inevitably follow excision of the leaf. One of 
the first to be demonstrable is, as a rule, the transformation of the nitrogen 
of protein into forms that are soluble and, in particular, an increase in 
amino nitrogen presumably produced by proteolytic action. These effects 
are clearly evident in tobacco and rhubarb leaves subjected to culture under 
analogous conditions ( 4 , 5). They are not especially marked in the present 
case, however, although the culture started in the afternoon does show them 
to a possibly significant extent (fig. 7). 

Another effect well shown by tobacco and rhubarb leaves is the loss of 
organic solids from respiration but, again, the present experiments were not 
sufficiently prolonged for this to become unequivocally clear (figs. 5 and 6). 
However, the disappearance of organic acids, especially malic acid, with a 
corresponding increase in pH is invariably observed and the present experi¬ 
ments show this especially well. All three of the chief organic acid com¬ 
ponents decreased sharply during the second day of the experiment started 
in the afternoon, two of them followed the same course in the experiment 
started in the morning. This effect may be regarded as an evidence of the 
increasing metabolic stress to which the excised leaves were subjected. Even 
in this case, however, the analogy with tobacco and rhubarb leaves is not 
close. The Bryophyllum leaves became enriched in starch and there was no 
effect upon the soluble carbohydrates. In tobacco and rhubarb leaves, on 
the other hand, carbohydrates are early involved in the general picture of 
catabolism. 

Taken together, then, the chemical evidence of the present experiments 
suggests a general metabolism adapted for survival under unfavorable con¬ 
ditions. The response, rather early in the period of stress, is to lay up a 
store of starch. It is quite possible that the well-known capacity of excised 
leaves of Bryophyllum to survive and reproduce by buds which develop at 
the margins may be the ultimate expression of such a provision. 

Summary 

Equal samples of leaflets excised from Bryophyllum calycinum plants 
were subjected to culture with the base of each leaflet immersed in water, 
one set of samples taken in the late afternoon being treated in the green¬ 
house and a second set in a completely dark room. A third set collected 
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early in the morning was likewise placed in the dark room. Analytical data 
were computed in terms of 1 kilogram of fresh tissue weighed at the time 
of sampling. 

There were no significant effects in any case upon the quantity of organic 
solids nor upon the ash, the alkalinity of the ash, or the total nitrogen; even 
the soluble carbohydrates failed to change. The samples cultured in the 
greenhouse increased sharply in organic acids during the night and de¬ 
creased during the day, the greater part of the change being due to malic 
acid with citric acid playing a smaller but similar role. Isocitric acid 
decreased at night and increased during the day. 

Starch varied in a manner the converse of organic acids, the fluctuations 
being in each case through a wider range than those of the acids. Thus it 
is possible that organic acids synthesized at night arose from oxidation of 
carbohydrates. However, some source of starch other than the organic 
acids must be invoked to account for the starch synthesized during the day, 
yet the failure of the organic solids to increase significantly indicates that 
photosynthesis played only a small part. 

Protein increased during the night and decreased during the day, soluble 
nitrogen undergoing similar changes in the reverse direction. 

The leaves cultured in darkness starting in the afternoon at low acidity 
increased in malic, citric, and isocitric acids for 14 hours. The increase in 
malic and citric acids continued for the rest of the first day but isocitric acid 
then began to decrease. All three acids decreased during the second day. 

Starch decreased during the first day in darkness but increased signifi¬ 
cantly during the second. Protein increased slightly for 14 hours and then 
decreased slowly. 

The leaves cultured in darkness starting in the morning at high acidity 
began to lose isocitric acid at once. Malic acid dropped slightly but citric 
acid increased; later malic acid dropped sharply, isocitric acid increased and 
citric acid remained constant. During the second day, isocitric acid and 
malic acid decreased, and citric acid remained unchanged. 

Starch increased slowly but continuously throughout the 2-day period in 
darkness. Protein decreased during the first day and remained unchanged 
during the second. 

The changes in organic acids and starch can be largely accounted for if 
it is assumed that the several substances are linked by enzymatic reactions in 
a system analogous to the Krebs tricarboxylic acid cycle. 

Connecticut Agricultural 'Experiment Station 
New Haven, Connecticut 
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Introduction 

In the design of experiments where plants are to be grown under con¬ 
trolled radiation conditions, it is necessary to have information on the rela¬ 
tive power efficiency and the type of growth obtainable with various lamp 
sources, for the proper selection of equipment. It is well known that the 
growth form of plants is dependent upon the incident irradianee, photo¬ 
period, and the spectral characteristics of the radiant energy ( 1 , 2 , 11 , 14 , 
15 , 16 ). 

Before the introduction of the gaseous discharge lamps, most of the 
studies were made using the incandescent tungsten filament lamp as a source 
( 7 , 9 , 14 ). While the growth rate obtained with the bare incandescent lamp 
frequently was comparable with that often secured under greenhouse con¬ 
ditions when sufficiently high irradiances were used, the plants usually had 
thin stems and longer internodes than those grown with solar irradiation. 
With the advent of the modern type gaseous discharge lamps, Roodenburg 
( 17 ), Arthur and his co-workers ( 1 , 2 , 3 ), and others studied the growth 
obtainable with these sources. 

Arthur and Stewart (1) observed production of buckwheat plants 
under incandescent, neon, mercury, and sodium vapor lamps. They found 
that, with equal irradiances as measured with a Weston illuminometer, the 
efficiency in production of dry matter decreased in the following order: neon, 
incandescent, sodium, and mercury. When the radiant energy was calcu¬ 
lated on an equal energy basis, they concluded that the actual order of 
efficiency was sodium, neon, incandescent, and mercury. When sodium alone 
was tried (2), it was found that the plants did not grow well over long 
periods of time. Supplementing the sodium with two hours per day from 
an 85-watt capillary mercury vapor lamp, caused an improvement in growth 
with a number of varieties of plants. 

Mitchell ( 12 ) grew tomato plants, using a carbon arc and an incan¬ 
descent filament lamp as sources. He found that total synthesis of dry 
matter was greater per unit of time under the incandescent lamp when 
equivalent energies, as balanced with a Weston cell, were used. The plants 
synthesized more dry matter, although the height was less, under the carbon 
aac when eq^al total radiant energies, as measured by a nonselective detec¬ 
tor, were used. 

i Journal Paper no. 272, Purdue University Agricultural Experiment Station. 
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Johnston ( 11 ) grew tomato under varying combinations of water-filtered 
incandescent and mercury arc radiant energy and concluded from his studies 
that a greater amount of dry weight is produced with an incandescent lamp 
when it is enriched with blue from a mercury lamp to the extent of 14% 
to 51%. 

Naylor and Gerner ( 13 ), Roiirbaugh ( 16 ), and Stoutemeyer and 
Close ( 18 ) have published data on plants produced under fluorescent lamps, 
showing that satisfactory growth can be secured with this source. However, 
no comparative data for the fluorescent with other lamp sources have been 
published. . 

The most important radiation characteristics of lamps to be considered 
for use in growing plants are (1) spectral energy distribution; (2) propor¬ 
tion of input electrical energy dissipated as radiated infrared; and (3) 
efficiency of production of visible radiant energy within the region of about 
4500 A to 7000 A. The proportion of electrical energy dissipated as radi¬ 
ated infrared sets a maximum limit on the visible irradiance which can 
be used with bare lamps. The infrared beyond 8000 A apparently has little 
effect other than to raise the temperature of the foliage. If the proportion 
of radiated energy in the infrared is high, as with the incandescent lamp, 
excessive heating of the leaves may occur at high irradiances unless suitable 
fibers are interposed between the lamp and the plants. 

The present experiments were designed to investigate the comparative 
growth responses of certain herbaceous annuals under several sources of 
artificial radiant energy, including the fluorescent, incandescent and high 
pressure mercury are lamps. These lamp sources were selected because they 
represent the most practical types of ecpiipment for general use on the bases 
of (1) commercial availability; (2) installation cost; (3) ease of lamp re¬ 
placement and operation; and (4) power efficiency in terms of visible radiant 
energy production. 


Radiation characteristics of lamps 

The spectral characteristics and electrical power efficiency of lamp 
sources depend primarily on the type of radiant energy producing system 
used; i.e., incandescent filament, gaseous discharge, and/or phosphors. Sec¬ 
ondary' in importance are operating conditions such as lamp voltage, ambient 
temperature, age of lamp and type of reflector system. The spectral, electri¬ 
cal, and physical characteristics of commercially available lamp sources are 
thoroughly discussed in manufacturers’ bulletins (8) and in engineering 
publications on lamp characteristics ( 4 , 5 , 6 ). 

The energy' distribution of the general service type of tungsten filament 
incandescent lamp is characterized by a continuous spectrum which has a 
maximum in the near infrared at about 10.000 A. The energy continuously 
decreases throughout the visible spectrum as the wavelengths become shorter 
and is practically' zero at about 3200 A, which is the ultraviolet transmitting 
limit of ordinary glass. The incandescent lamp is a source which, compared 
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to solar radiant energy, is relatively rich in red and weak in blue radiant 
energy. A 500-watt incandescent lamp radiates beyond the bulb only 12% 
of the input watts into the visible spectrum and over 70% is radiated as 
infrared. Most of the remaining 18% is dissipated as heat to the surround¬ 
ing air and to the base of the lamp by convection and conduction. The ultra¬ 
violet radiated beyond the bulb is less than 0.1% of the total input watts. 

The luminous efficiency of incandescent lamps of from 500 to 3000 watts 
in the general service types varies from slightly less than 20 to nearly 30 
lumens per watt. The lumen is a convenient unit of luminous flux and 
evaluates spectrally the radiant energy emitted by the lamp in terms of the 
sensitivity of the human eye. The footcandle is a similar unit of irradianee. 
In spite of serious limitations as discussed in a previous report (19), the 
lumen and the footcandle are still the most practical units of visible radiant 
flux and irradianee respectively. These units are useful, however, only 
in comparing sources of similar spectral distribution within the visible 
spectrum. 

One of the principal advantages of the incandescent lamp for general 
use is that no auxiliary equipment is required for its operation. Therefore, 
the luminous efficiency figures given above represent overall efficiencies. The 
rated life for general service incandescent lamps in wattages from 500 to 
1500 is 1000 hours. 

The spectral energy distribution of the high pressure mercury arc in 
glass is characterized by the line spectrum of mercury, with a small propor¬ 
tion of the total radiated energy as a continuous spectrum. Most of the 
energy within the ultraviolet and visible spectrum is distributed within six 
groups of lines at 3341, 3654, 4047, 4358, 5461 A and the doublet centered 
about 5780 A. The mercury arc is one of the most efficient sources of blue 
radiant energy, but is extremely low in the red. Even for the glass lamps, 
from 1% to 2.3%; of the input wattage is radiated as ultraviolet. For the 
400-watt H-l lamp, which was used in these experiments, the radiated infra¬ 
red is less than that of the incandescent, but higher than the fluorescent. 

The rated luminous efficiency of the 400-watt lamp alone is 40 lumens 
per watt. When account is taken of the 52 watts dissipated in a single lamp 
transformer, in addition to the wattage consumed by the lamp itself, the 
overall luminous efficiency is actually 35.4 lumens per watt. These lamps 
have a rated life of 3000 hours. 

The fluorescent lamp is a type of low pressure mercury arc, in which the 
inside surface of the glass is-'coated with phosphors which transform the 
ultraviolet energy of the mercury line at 2537 A into radiant energy of 
longer wavelengths, which include the visible and ultraviolet. The fluores¬ 
cent lamp phosphors emit a continuous spectrum, the energy distribution of 
which depends upon the choice of phosphor materials. The proportion of 
the input pc^ver radiated within the visible spectrum is a function of the 
nature of the phosphor, and length and diameter of the tube and other design 
and operating factors. For the 40-watt daylight fluorescent lamp, about 
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0.8% of the input watts is in the ultraviolet, 20.5% ds radiated in the visible, 
and 26.5$ is radiated as infrared. About 53% of the input energy is dissi¬ 
pated in convection and conduction. Thus most of the input energy is 
carried away to the surrounding air and is not available directly for raising 
the temperature of the foliage of plants placed under the lamps. 

The overall luminous efficiency of the 30-watt white fluorescent lamp, 
which was used in these experiments, is 40.5 lumens per watt ;■ for the day¬ 
light lamp, the efficiency is 37.2 lumens per watt. These figures are based 
on the use of 115-volt tulamp auxiliaries. The rated life of the fluorescent 
lamps, standard lamp series, is 2500 hours. 

Experimental methods 

The plants were grown in air-conditioned growth chambers. The air 
temperatures were controlled within ± 0.5° to 3° C. of the temperatures 
designated in the tables, depending on the lamp units. The humidity was 
kept in the range of 70$ to 80$. Subirrigation gravel culture was used, 
with a double concentration of a Purdue F nutrient solution (20). Manga¬ 
nese was supplied weekly to the solution and iron three times weekly. No 
other micronutrients were added as previous experience had shown that the 
gravel was capable of supplying all of the other essential mieronutrients. 
The pH was maintained between 5.5 and 6.5, except for soybean, in which 
case the range was 6.5 to 7.0. The nutrient solution was changed every two 
weeks. All of the plants received the same solution, regardless of the radi¬ 
ation treatments. This caused some difficulty because the nutritional re¬ 
quirements were found to be somewhat different for the plants growing 
under the various lamp sources. 

Tungsten, fluorescent, and high pressure mercury arc (H-l) lamps were 
used as indicated in the tables. The footcandle measurements were made 
with a Weston photronie cell equipped with a green filter to correct its 
spectral sensitivity to that of the human eye. The measurements were 
checked with a Macbeth illuminometer. The footcandle (fe) values given 
are those at the gravel surface at the beginning of the experimental period. 
As the plants became taller, the values varied from the original ones given. 
Calculations for power consumption and total radiant energies were made 
from data presented by Barnes and his co-workers ( 4 , 5 , 6 , 8 ) . The number 
of hours of radiation differed in the various experiments and are shown in 
the tables. The radiation treatments with the sources were varied on the 
basis of equal power consumption, equivalent footcandles and equal total 
visible energy. 

Results 

Equal power consumption 

Nobel spinach and Heart of France variety of China aster were grown 
for 50 days under the radiation treatments designated in table I. The lamp 
sources were 1000-watt standard incandescent, 3500° K., 30-watt white fluo- 
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rescent and 400-watt H-l high pressure mercury arc lamps. The power 
consumption was the same per square foot for the different sources. Under 
these conditions, the total visible radiant energy under the incandescent was 
58% of that under the fluorescent and mercury lamps as calculated from 
the data of Barnes and Forsythe (4, 5, 6, 8). The lamps were on for 15 
hours daily. 

The largest and most vigorous plants of China aster, with the most pro¬ 
fuse flowering, occurred with the incandescent radiant energy, with an inter¬ 
mediate growth and flowering response under the fluorescent. The plants 
under the mercury were small and averaged only one flower bud per plant. 


TABLE I 

Growth and flowering with equal power consumption 






Plant material 





Heart of France aster 


Nobel spinach 


Lamp 

source* 

No. PLANTS 

H 

> 

< 

ei 

► 

ca 

Q 

> j 

< | 

Top-root 

ratio 

Av. no. 

flower stalks 

NO. PLANTS 

i 

1 

EH 

> 

< 

EH 

£ 

h 

S 

> 

< 

Top-root 

ratio 

Av. NO. 

FLOWER STALKS 



cm. 

gm. 




mm. 

gm. 



Incandescent 

700 fc 
Fluorescent, 

| 12 

46.9 

8.1 

9.6 

9.5 

20 

5.2 

1.4 

14.4 

0 

white 

1200 fc 

12 

21.4 

4.8 

6.6 

i 

3.0 

20 

52.3 

1.8 j 

21.5 

0.74 

Mercury 

1200 fc 

12 

18.6 

3.8 

7.7 

1.0 

20 

14.7 

0.6 

j 

25.0 

0.18 


* Same power consumption per square foot for all sources. 


The spinach plants grown under the fluorescent were vigorous and dark 
green, and 74% had flower stalks. Those under the mercury were much less 
vigorous, with flower stalks on but 18% of the plants. With the incandes¬ 
cent lamp, spinach was small and had no flower stalks or even microscopic 
floral primordia as indicated by micro-dissection methods. 

Balanced radiant energies 

Comparison op unfiltered sources. —Incandescent (1000-watt stand¬ 
ard), mercury, and white and daylight fluorescent lamps (30-watt) were 
used over Nobel spinach, Biloxi soybean, and Indiana Baltimore tomato. 
The radiant energy was balanced for the various sources to approximately 
800 footcandles directly under the lamps. The mercury and incandescent 
lamps w^e arranged in one plot so that there were varying proportions of 
mercury and incandescent radiant energy across the plot as indicated in the 
tables. A 15-hour photoperiod was used. 

The tomato and soybean plants were seeded directly in the gravel and the 
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TABLE II , 

Response op Nobel spinach to radiant energy at 800 re fob 15 hours from various 
SOURCES WHEN GROWN AT 20° C. AND 25° C. 


Lamp source 

20° C. 

25° C. 

NO. PLANTS 

AV. FRESH WT. 

& 

* 

fc* 

pe 

A 

> 

< 

Av. NO. 

MATURED 

LEAVES 

NO. PLANTS 

&-* 

pe 

ft 

sc 

fc 

> 

< 

i 

s 

> 

< 



gm. 

gm. 



gm. 

gm. 

Incandescent- 








mercury 








1* 

26 

5.1 

0.37 

9.8 

15 

1.8 

0.14 

6t 

45 

3.1 

0.23 

8.1 

24 

1.8 

0.12 

3t 

23 

1.4 

0.10 

6.3 

30 

1.7 

0.10 

Fluorescent, white 





24 

1.7 

0.13 

Fluorescent, daylight | 

29 

3.0 

0.17 

6.9 

23 

1.7 

0.13 


* 1: 7 to 25% Hg. 

t 2: 25 to 86% Hg. 
t 3: 86 to 95% Hg. 


spinach in a sand-peat mixture. The spinach was transplanted to the appro¬ 
priate compartments on germination. Air temperatures were controlled at 
15°, 20°, and 25° C. within the limits previously designated. 

The growth results are given in tables II, III, and IV. It should be noted 
that the growth at the various temperatures cannot be compared directly as 
the experiments were neither conducted simultaneously nor for the same 
length of time. Only the data within one temperature range can be com¬ 
pared. 

TABLE III 

Response of biloxi soybe\n to radiant energy at 800 fc for 15 hours from various 
SOURCES WHEN GROWN AT 20° C. AND 25° V. 


Lamp source 

20" O. 


25" ( 

V 


NO. PLANTS 

Av. fresh wt. 

AV. DRY WT. 

NO. PLANTS 

£•* 

ft 

> 

< 

E-* 

pe 

ft 

T. 

W 

ft! 

fc 

> 

< 

AV. DRY WT. 



gm. 

gm. 


cm. 

gm. 

gm. 

Incandescent- 








mercury 








1* 

20 

6.6 

0.80 

27 

57 

8.1 

1.0 

2t 

42 

5.1 

0.66 

21 

64 

6.0 

0.7 

3i 

23 

4.0 

0.48 

25 

64 

5.2 

0.6 

Fluorescent, white 




20 

48 

7.0 

0.7 

Fluorescent, daylight 

55 

4.7 

0.51 

21 

39 

6.3 

0.8 
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$ The plants in the different tempeiature treatments were not of the same age when harvested, and therefore cannot be directly compared 
with one another. 
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When mixtures of incandescent and mercury arc radiant energy were 
given the plants, there was a decrease in height and weight as the amount 
of mercury arc irradiation was increased A desirable vigorous stocky 
growth, retaining the increased weight feature secured under the incandes¬ 
cent alone, was not obtained at any mixture of the two types of irradiation 



Fig 1 Nobel spinach (aboxe) and Biloxi sox bean (below) at 20° C under fluo 
lesient and combinations of incandescent and mereurx ladiation Plant second from 
light had 7-2f>% mereurx and the plant on the light, 86-95% mereurx (Tables II and 
III) 

The greatest production of dry matter for all of the species occurred under 
the incandescent-low mercury combination Here the growth was tall and 
spindling at 20° and 25° C At 15° C , the plants were stocky and vigorous. 

Very satisfactory growdh was secured with the 800 footcandles of white 
and daylight fluorescent radiant energy with all of the species, except at 15°. 
The tomato plants were small, dark green and grew slowly at this tempera¬ 
ture The white fluorescent in some cases gave somewhat better growth as 
evidenced by increased weight and height than did the daylight, but the 
differences were very slight. At 15° and 20°, the tomato plants under the 
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fluorescent were short and stocky, with marked anthocyanin pigmentation, 
a blue-green color, and long petioles and short internodes. At 25°, the color 
was lighter green, there was little anthocyanin, which disappeared as the 
plants became older, and the internodes were longer than at 15° and 20°. 

Temperature measurements 

Because of the wide variations in growth and the differences in total 
radiated energy, measurement of the temperature of the root media and at 
the under side of the leaves of tomato were made when equal total visible 
energy was supplied from incandescent (500 fc) and white fluorescent 
sources (900 fc). The temperatures at the leaf were measured with a pair 
of constantin-copper thermocouples and a galvanometer. The thermocouples 
consisted of No. 40 AWG wire. The junctions were soldered to thin vanes 
of silver, the cold or air junctions having a vane about 1 cm. square, and 
the hot or leaf junction a vane about 0.5 cm. square. The leaf junction was 
fastened to the underside of the leaf with cellophane adhesive tape. The air 
junction hung from 2 to 5 cm. below the leaf junction in the shade of the 
leaf. The system -was calibrated by suspending the junctions in water at 
known differences of temperature. 

The temperature at the underside of the leaves varied from 4° to 5° C. 
above air temperature under the fluorescent lamps. The incandescent radi¬ 
ant energy usually raised the temperature at the underside of the leaf 9° to 
11° C. higher than air temperature. These differences occurred when the 
refrigeration was on in the growth chambers. Without refrigeration, the 
differences between air and leaf temperatures were not so great. 

It is realized that this was not a measurement of the actual temperature 
within the leaf or at the upper surface of the leaf, and that the data secured 
are only indicative of the range of temperature differences occurring between 
the two lamp sources. Previous efforts had been made to secure leaf tem¬ 
peratures by inserting the wire of a thermocouple into the leaf, but the 
injury was considerable and it was not felt that this was an accurate meas¬ 
urement of the temperature occurring in an intact leaf. However, the trend 
and magnitude of differences were similar to those secured by the method 
reported above. 

The temperature of the root media at 5 cm. below the surface was from 
3° to 6° C. higher directly under the incandescent lamps than under the 
fluorescent, the variation^ depending on the number of hours the lamps had 
been on previous to measurement and factors such as the length of time 
following irrigation. 

> 

Filtered mercury arc and incandescent 

Radiant energy.— In view of the results secured with the mercury arc 
radiatioh showing the low efficiency of dry weight production, it was con¬ 
sidered that possibly the strong near ultraviolet radiant energy at 3654 A 
and the high proportion of energy in the blue might be producing an in- 
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hibiting effect. In order to test this hypothesis, filters were prepared as 
dyed gelatin films poured on glass, which completely absorbed the 3654 A 
line in one case and the 3654 A line and the group of lines in the blue in the 
other. 

The filters were prepared by mixing equal parts of dye and a gelatin 
stock solution, pouring the mixture on carefully levelled panes of glass, 64 
cm. square, at the rate of 20 ml. of mixture (10 ml. stock gelatin and 10 ml. 
of dye solution) per 100 sq. cm. of glass surface. The stock gelatin solution 


TABLE V 

TR VNSMIKKION OF GKHTIN FILTERS USED TO ABSORB snORTER WAVELENGTHS 
OF THE MERCCRY ARC SPECTRUM 


W WKLFNGTII 

Filter No. 1 
( ABSORBING 3654 A LINE) 
Transmission 

Filteb No. 2 

(ABSORBING 3654, 4047 AND 
4358 A lines) 
Transmission 


% 

% 

320 

0 

0 

330 

0 

0 

340 

0 

0 

350 

0 

0 

360 

0 

0 

365 

0 

0 

370 

0.5 

0 

375 

6.0 

0 

380 

16.0 

0 

385 

30.0 

0 

390 

36.0 

0 

400 

64.0 

0 

410 

76.0 

0 

420 

81.0 

0 

430 


0 

440 


0.5 

450 

81.0 

3.0 

455 


7.0 

460 


14.0 

470 


34.0 

480 


53.0 

490 


68.0 

500 

88.0 

77.0 

520 


86.0 


consisted of 150 gin. gelatin and 50 gm. sorbitol dissolved per liter of water. 
Filter No. 1, absorbing the 3564 A line, contained 25 mg. naphthol disulfonic 
acid and 25 mg. hydroxy naphthoic acid per 100 sq. cm. of glass surface. 
Filter No. 2, absorbing the 3654, 4047 and 4358 A lines, contained 25 mg. 
picrolonic acid per 100 sq. cm. glass surface. The transmission of the two 
filters are given in table V. 

Four experimental conditions were set up at equal total energies, includ¬ 
ing (1) high pressure mercury arc with a film of undyed gelatin on glass 
interposed; (2) high pressure mercury arc filtered so that the 3654 A mer¬ 
cury line was absorbed; (3) high pressure mercury arc filtered so that the 
3654, 4047 and 4358 A lines were absorbed; and (4) incandescent irradiance 
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TABLE VI 

Besponse of Indiana Baltimore tomato to the removal of the shorter wavelengths 

OF THE MERCURY ARC SPECTRUM AND TO INCANDESCENT RADIANT ENERGY 


Treatment* 

Av. FRESH 
WT. 

Av. DRY 
WT. 

Dry 

MATTER 

Top-root I 

RATIO 

Av. HT. 


gm. 

gm. 

% 


cm. 

Mercury arc, unfil¬ 
tered 

8.7 

0.43 

4.9 

21 

24 

Mercury arc, 3654 
A line removed 

93 

0.46 

49 

28 

26 

Mercury aic, 3654, 
4047, and 4358 






A lines removed 

13 

0 07 

5 1 

11 

13 

Incandescent 

29 3 

2 42 

8 2 

39 

77 


* Twenty five plants per tieatment. 


of equal value m total visible radiant energy to (1). The irradiance was 
adjusted to an average of 270 fc for the mercury treatments and to 175 fc 



Fig. Besponse of tomato to the removal of the shorter wavelengths of the mercury 
^arc spectrum. (1) Full radiation from 400-watt H~1 mercury arc lamp. (2) Badiation 
from 400-watt H-l mercury arc lamp, 3654 A line absorbed by filter. (3) Badiation from 
400-watt H-l mercury arc lamp, 3654, 4047 and 4358 A lines absorbed by filter. (4) 
Badiation of equal total visible energy from an incandescent lamp. 
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for the incandescent. A 15-hour photoperiod was, employed. The mercury 
lamps were turned on 15 minutes prior to the incandescent so that they were 
at full irradiance at the beginning of the photoperiod. The temperature was 
maintained at 20° C. The treatments included 25 plants each, which were 
under the radiation variables from germination to harvest at the end of six 
weeks irradiation. 

The results are given in table VI and figure 2. These data indicate that 
removal of the 3654 A mercury line had no significant effect on the growth 
of tomato. However, when the blue lines were removed, a very great reduc¬ 
tion in growth and dry weight occurred. This is to be expected since the 


TABLE VII 

Growth and plowerino response op Nobel spinach to various sources 
op artificial radiation at 20° C. 


Radiation 

No. 

PLANTS 

Pl\nts 

FLOWER 

AV. IIT. 

AV. FRESH 
WEIGHT 

AV. DRY 
WEIGHT 

Dry 

MATTER 


ING 


Tops | 

Roots 

Tops 

Roots 

Series i. Equal footcandles 

Radiation treatments begun 12 days from seeding for 55 days 

; 18-hr. 

DAY 

Incandescent 

750 fc 

50 

% 

5 

cm . 

3.0 

gm . 

04.5 

gm . 

3.2 

gm . 

4.2 

gm . 

0.28 

' 

% 

6.6 

Incandescent, water 
filter 

750 fc 

40 1 

1 80 

i 

9.0 

40.8 

2.3 

3.0 

; 

0.19 

! 

7.4 

Fluorescent* 

750 fc 

37 

100 

24.4 

44.3 

1.3 

O r: 

~.o | 

0.09 

5.6 


Series ii. Equal total radiant energies in the visible 
Radiation treatments begun 12 days prom seeding for 42 days; 24-hr. day 


incandescent 

500 fc 

Incandescent, water 

45 

89 

26.8 

28.1 

1.2 

2.3 

0.10 

8.0 

filter 

500 fc 

47 

100 

08.0 

32.5 

1.1 

2.3 

0.11 

7.1 

Fluorescent* 

900 fc 

48 

100 

' 

31.3 

24.8 

0.8 

1.9 

0.07 

i 

7.6 

* White. 

— 

— — 

— 

_ — 

— 

— ■ 

— 

— - 


blue lines of the mercury coincide with the blue maximum of the chlorophyll 
absorption curve. The yellow and green lines are in the region of minimum 
chlorophyll absorption, and therefore, even though there is a great deal of 
energy radiated in these lines, it is relatively ineffective in promoting carbon 
assimilation and the poor growth that resulted was undoubtedly due to this 
low photosynthetic rate. Under this condition, 25 per cent of the plants 
died before the 6 weeks of treatment were finished. 

Comparison of water-filtered and unfiltered incandescent radiant 
energy with fluorescent radiant energy 
It was thought that perhaps the tall weak growth secured with plants 
grown under unfiltered incandescent irradiation as compared with fluores- 
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cent might be partly due to the rise in temperature of the root media and 
to the differential increase in temperature of the leaves under the incandes¬ 
cent. It could be determined whether this were the case if the incandescent 
lamp were filtered with water so that the far infrared radiant energy were 
removed and no great differential increase in temperature of the leaves and 
the root media occurred. 


TABLE VIII 

Growth responses op Biloxi soybean to various sources op artificial 

RADIATION AT 20° C. 


Radiation 

TREATMENT 


No. 

PLANTS 

AV- TIT. 

AV. FRESH 
WEIGHT 

Av. DRY 
WEIGHT 


Tops 

Roots 

Tops 

Roots 


Series i. Equal footcandles 
Harvested 24 days after seeding; 18-iir. day 




CVl. 

f/m. 

gm. 

f/m. 

f/m. 

% 

Incandescent 

55 

36.4 

10.0 

1.32 

3.36 

0.12 

12.2 

750 fc 








Incandescent, water 








filter 

48 

54.1 

6.8 

1.23 

0.85 

0.08 

11.5 

750 fc 








Fluorescentt 

51 

30.5 

4.7 

0.96 

0.54 

0.06 

10.6 

750 fc 









Series ii. Equal total radiant energies in the visible 
Harvested 31 days after seeding; 18-nR. day 


Incandescent 
500 fe 


42 

51.2 

11.6 

1.10 

1.70 

0.13 

Incandescent, 

filter 

500 fc 

water 

40 

74.2 

8.4 

0.80 

1.06 

0.10 

Fluorescentt 
900 fc 


40 

40.3 

5.0 

0.58 

0.62 

0.05 

Greenhouse* 


80 

34.1 

6.4 

3.06 

0.84 

0.83 


Series iii. Equal total radiant energies in the visible 
Harvested 34 days after seeding; 24-hr. day 


Incandescent 

500 fc 

Incandescent, water 

27 

77.0 

30.8 

1.9 

4.4 

0.21 

14.1 

filter 

500 fc 

32 

87.4 

18.5 

1.6 

2.6 

0.12 

13.5 

Fluorescentt 

900 fc 

36 

J 

66.4 

14.2 

1.9 

2.0 

0.19 

13.5 


* Average 10-hour winter day. 
t White. 


Indiana Baltimore tomato, Nobel spinach and Biloxi soybean were grown 
uqder controlled temperature and incandescent (750-watt standard) and 
fluorescent radiation (30-watt white) conditions as previously described and 
'indicated in the tables. For the water-filtered incandescent, the radiant 
energy was filtered through five inches of water. The results for the three 
species are given in tables VII, VIII, and IX. 
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TABLE IX 


Growth response op Indiana Baltimore tomato seedlings to equal total visible 
radiant energies prom various sources op artificial radiation at 20° C. 


Radiation 

TREATMENT* 

No. 

PLANTS 

Av. HT. 

AV. FRESH 
WEIGHT 

AV. DRY 
WEIGHT 

Dry 

MATTER 


Tops 

Roots 

Tops 

Roots 



gm. 

gm . 

gun .. 

gm . 

gm. 

% 

Incandescent 

500 fc 

Incandescent, water 

20 

43.0 

21.3 

1.6 

1.40 

0.134 

6.3 

filter 

500 fc 

20 

30.6 

18.3 

2.3 

1.18 

0.153 

6.0 

I luorescentt 

900 fc 

20 

10.0 

1 

9.9 

1.6 

0.84 

0.140 

8.5 


* Radiation treatments begun 10 davs from seeding for 30 davs; 15 hr. photopenod. 
t White. 


The height and weight of the spinach plants were dependent largely on 
whether the flowering condition prevailed or not. When equivalent foot- 
candles were used from the various sources at 750 fc for 18 hours daily, only 
o ( /( of the plants under the incandescent flowered, while 80 '/c flowered 
under the water-filtered incandescent and 100'/c under the fluorescent. The 
flowering results with spinach under unfiltered incandescent may have been 



Fig. 3. Nobel spinach at equal footcandles of white fluorescent, incandescent and 
water-filtered incandescent radiant energy at 20° C. (Table VII.) 
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due to the comparative temperature increase, although Nobel spinach has not 
been shown to be temperature sensitive in its qualitative flowering responses 
under greenhouse conditions (21). When equal total energies in the visible 
were used and the plants were given 24 hours at 500 fc incandescent (filtered 
and unfiltered), 89% of the spinach plants flowered in the unfiltered incan¬ 
descent, and 100% under the filtered incandescent and the comparable fluo¬ 
rescent treatment (900 fc). Where fairly comparable flowering percentages 



Fig. 4. Biloxi soybean at equal footcandles of white fluorescent, incandescent and 
water-filtered incandescent radiant energy at 20° C. (Table VIII.) 

existed, the greatest height and fresh weight of the plants occurred when the 
incandescent was filtered with water. The dry weights were similar for the 
two incandescent treatments. As was found previously, the plants under 
the fluorescent were shorter and had less fresh and dry weight. 

Biloxi soybean gave uniform trends in growth with the various sources 
regardless of irradiance or daylength. The total fresh and dry weights 
were, in order of decreasing magnitude: incandescent, filtered incandescent. 
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and fluorescent. The heights decreased from the filtered incandescent, 
through the incandescent to the fluorescent. Percentage dry matter was 
greater for the incandescent. 

Tomato was decreased in height from the filtered incandescent as com¬ 
pared with the incandescent, with the shortest plants in the fluorescent. The 
fresh and dry weights of the tops decreased in the same order. The heavier 
roots were in the fluorescent and the percentage dry matter was least with 
the filtered incandescent. 



Fid. 5. Indiana Haltimor<> tomato at equal total visible radiant energies from white 
fluorescent, incandescent and water-filtered incandescent sources at 20° <\ (Table IX.) 

Discussion of results 

The results show that, of the three sources used in this investigation, the 
incandescent and fluorescent lamps are the only ones w T hich produce reason¬ 
ably satisfactory growth. The mercury arc is inefficient in supporting 
growth, probably due to the fact that the two most powerful lines in the 
visible spectrum occur in the green and yellow at 5461 and 5770-5791 A, 
respectively, where the chlorophylls have a minimum absorption. The blue 
lines at 4047 and 4358 A are responsible for only slightly more than one- 
third of the total visible radiant energy of the H-l mercury arc and are the 
only lines which coincide with the chlorophyll absorption bands. These con¬ 
siderations appear to account in part for the low efficiency of the mercury 
arc. Removal of the strong 3654 A line in the near ultraviolet did not pro¬ 
duce any significant effect, thus indicating that this line cannot be considered 
as producing any appreciable depressing effect on growth. 

In general, the greatest dry weight production and height occurred with 
incandescent sources, whether compared on the basis of equal total electrical 
power consumption per plant, equivalent footcandles, or equal total visible 
energies.. This indicates that the incandescent lamp is more efficient in the 
production of dry matter than either the daylight or white fluorescent lamps. 
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The principal disadvantage of the incandescent lamp is that it produces 
a plant with relatively long internodes, long petioles, and weak stems as com¬ 
pared with the growth obtained under solar irradiation. Data presented by 
Popp (15) and others, show that for high irradiances, blue radiant energy 
produces a shorter plant than red; under the longer wavelengths, the plant 
is tall, has long internodes, and is somewhat etiolated in appearance. How¬ 
ever, supplementing the incandescent lamp with mercury arc irradiation 
did not appreciably improve the situation. Possibly supplementing the 
incandescent lamp with a blue-rich source as the blue fluorescent might prove 
useful in this connection, but this was not tried in these experiments. 

A second disadvantage of the incandescent is that the radiated infrared 
causes the temperature of the leaves and root media to increase appreciably 
above the air temperature. There are several alternatives which can be used 
to partially correct this situation. The radiant energy can bo filtered 
through water, which removes a little over one-third of the total radiated 
energy. Also the growth chambers can be operated at a reduced tempera¬ 
ture to partially compensate for the higher leaf and media temperatures. 
Adequate circulation of air is necessary with high wattage unfiltered incan¬ 
descent lamps. Where constant temperature conditions cannot be main¬ 
tained, it is practically impossible to use unfiltered incandescent lamps to 
furnish the sole radiant energy for plants growing in small enclosed areas. 

The temperature effects do not appear to be primarily responsible for 
the tall weak plants, elongated internodes, and long petioles secured with the 
incandescent. Removing the far infrared from the incandescent source with 
water so that the temperatures of the leaves and root media were not appre¬ 
ciably increased, as compared with fluorescent irradiation, appeared, in some 
cases, to increase the magnitude of the etiolated response rather than to 
decrease it. However, the temperature differences are responsible, in all 
probability, for some of the differences in synthesis of dry matter and for 
certain of the growth responses. 

The plants were shorter, stockier and had darker green leaves with the 
fluorescent sources used than with the incandescent, and a superior growth 
form despite the fact that the total dry matter produced was considerably 
less than that produced under the incandescent. The fluorescent lamps have 
a somewhat large!* proportion of the total energy emitted in the visible where 
it is useful to the plant than does the incandescent. A lesser proportion is 
in the infrared and much of this is dissipated by convection and conduction 
so that the lamps may be«placed much closer to the plants than is possible 
with incandescent sources. With 30-watt fluorescent lamps, 3500° K. white, 
it is possible to secure 1200 footcandles directly beneath the lamps, if the 
lamps are mounted on a white reflecting surface at 1^-inch centers. A choice 
of fluorescent lamps is available so that a differential distribution of wave¬ 
lengths is possible. However, none of the lamps can be used for critical 
spectral studies since their transmission bands are not sharp enough for most 
work of this type. 
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On the whole, an entirely satisfactory artificial source of radiant energy 
for plant growth is not yet available. However, the fluorescent sources 
appear to best meet requirements for general experimental work where radi¬ 
ant energy conditions are not to be a variable, despite the slower growth rates 
secured, since the plant form more nearly resembles that secured with day¬ 
light. Combinations of fluorescent lamps employing various phosphors may 
give improved results as compared to either the white or daylight, especially 
if a transmission curve similar to the chlorophyll absorption curve or the 
photosynthesis curve could be secured. 

It should be pointed out as a consideration in working with artificial 
sources, that experimental data secured with any artificial source cannot be 
directly applied to interpretation of phenomena observed with solar radiant 
energy. Because no source has the same spectral distribution of energy as 
sunlight, it is impossible to predict that plant responses to such variables as 
photoperiod, irradiance, and others will be similar to those secured under 
greenhouse or field conditions. 


Summary 

Comparative growth responses of certain herbaceous annuals to several 
sources of artificial radiant energy were investigated. The sources included 
unfiltered incandescent, water filtered incandescent, high pressure mercury 
arc lamps, and white and daylight fluorescent lamps. The plant material 
irradiated was: China aster, variety Heart of France; spinach, variety Nobel; 
soybean, variety Biloxi; and tomato, variety Indiana Baltimore. The studies 
were made at 15°, 20°. and 25° C. and at varying photoperiods. 

The greatest height and fresh and dry weight occurred with the incan¬ 
descent sources. The water-filtered incandescent condition often produced 
taller plants with a lower percentage of dry weight than was the case with 
the unfiltered incandescent. The shortest plants, with the smallest fresh and 
dry weights, occurred with the high pressure mercury are lamp. Removing 
the 3654 A line in the near ultraviolet spectrum of the mercury arc lamp 
failed to produce any significant increase in growth, indicating that this line 
is not responsible for the poor growth secured with this source. When the 
incandescent and mercury sources were set up in a single plot so that there 
were varying percentages of mercury and incandescent radiation, the height 
and weight decreased as the percentage of mercury radiant energy was in¬ 
creased. The plants under the fluorescent lamps were of an intermediate 
type of growth which was vigorous and stocky except at 15°. At 15°, the 
tomato plants were hard and grew slowly, a typical low temperature re¬ 
sponse. The white fluorescent gave a very slightly increased growth in 
some eases as compared with the daylight fluorescent lamp. 

While there was greater production in fresh and dry weight under the 
incandescent lamp sources, the growth, on a whole, was tall and spindling 
except at 15° C. with tomato, and was not of a desirable type for general 
studies. Filtering the incandescent lamps through water to eliminate the 



512 


PLANT PHYSIOLOGY 


differential rise in temperature of the leaves and root media as compared 
with the fluorescent lamps failed to produce a stockier growth, but rather 
accentuated the etiolated type of response in some eases. It appears that 
the differences in growth responses secured with the various sources can be 
correlated principally with the differences in the respective spectral charac¬ 
teristics of the lamps. 

The same trend in the results as summarized above were secured whether 
the energies were balanced on the basis of equal power consumption per 
square foot, equivalent footcandles, or equal total visible energies. The 
general trend was the same for 15-, 18-, and 24-hour photoperiods for the 
plant material used, except where differential flowering responses were 
secured. 

It is concluded that no entirely satisfactory artificial sources of radiant 
energy for plant growth are available, but that the fluorescent sources appear 
to best meet requirements for general experimental work. 

Department or Horticulture 
Purdue University 

Lafayette, Indiana 
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THE THERMODYNAMICS OF ACTIVE (NON-OSMOTIC) 
WATER ABSORPTION 

J. Levitt 
Received December 30, 1946 

In recent years, several workers (1, 2, 12, 14, 15) have brought forward 
evidence of a “secretion pressure” or “nou-osmotic force” which is supposed 
to control the movement of water into (and out of) living plant tissues by 
causing an “active” (non-osmotic) uptake of water. So much of this evi¬ 
dence is indirect and controversial that papers expressing the opposite views 
have appeared (6, 7,17). Since the postulated phenomenon depends on the 
expenditure of respiratory energy, it seems advisable to determine whether 
the conclusions are thermodynamically possible. 

Perhaps the strongest argument in favor of active water absorption is the 
recognized fact of active solute absorption. It seems axiomatic that if a 
plant is capable of the latter, it should also be capable of the former. The 
concentration of K ions in the cell sap of Valonia has been shown to be 20 
parts per thousand in excess of that outside the cell (20). If we assume a 
similar excess of a corresponding anion, this may mean a diffusion pressure 
of as high as 15-20 atms. However, Valonia cells have a volume of one to 
several cm. 3 If we assume that the cells of most higher plants are spherical 
with a radius of 5-50 /a (or non-spherical and of larger dimensions) the spe¬ 
cific area / or —1—\ - g () j> |j ]e or( ] er 0 f 2fX) to 2000 times that of 
\ volume radius/ 

Valonia cells. Consequently, the cells of higher plants would have to expend 
200 to 2000 times as much energy per unit volume as Valonia cells in order 
to maintain such a gradient. 

The values obtained for higher plants are somewhat less 1100 milliequiva- 
lents K per liter in excess of that in the surrounding solution (9) ]; this is 
equivalent to a pressure of about 4J atms. This gradient, however, is between 
the root cells and the surrounding soil solution. Consequently, the area sepa¬ 
rating the diffusion gradient is immensely smaller than the total cell area of 
a plant. In order to maintain a similar gradient between the protoplasm 
and vacuole of plant cells, it would require the expenditure of thousands of 
times as much energy as to maintain the above K gradient between roots and 
soil. 

There is another factor, however, that must be considered. The energy 
required to maintain a negative gradient for any substance is proportional 
to the permeability of the cell to that substance; i.e., to the rate of diffusion 
of the substance across the membrane separating the two different concentra¬ 
tions. Si^ce the cell is far more permeable to water than to any other sub¬ 
stance normally occurring in it, far more energy would have to be expended 
to maintain a negative gradient for water than for any other substance. 
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The permeability constant for water is of the ( order of 10~ 7 M/cm. 2 /sec. 
for a gradient of 1 M; that for K is of the order of 10 12 to 10~ 14 M/cm. 2 /sec. 
for gradients of 0.01 to 0.06 M f (4) tables XIV and XXXI]. Therefore, at 
least 1000 times as much energy would have to be expended to maintain the 
same negative gradient for water as for potassium, which is one of the most 
rapidly penetrating ions. 

Thus the energy used to maintain the high concentration pf potassium in 
plant cells is sufficient to maintain a diffusion gradient for water of only the 
most minute fraction of one atmosphere. 

If a negative diffusion gradient is to be maintained, some mechanism must 
be available to “pump” water against the gradient as rapidly as it is dif¬ 
fusing with the gradient. Consequently, work must be done equal to the 
product of the force x the distance moved: 

W = Fs (1) 

Since by definition F = pa and s = vt 

W = pavt (2) 


where p = the negative diffusion pressure against which water is moved; i.e., 
the ‘ * active ’ ’ pressure. 

a = the area across which the gradient occurs, 
v = velocity of diffusion of water, 
t = time. 


In order to maintain egs units, p (the pressure in atms.) must be con¬ 
verted to dynes/cm. 2 ; i.e., x 10 6 . If A is taken as specific area, the resulting 
quantity is the work done/cm. 8 tissue or /gram tissue (approximately); v, 
the velocity of diffusion ot water, can be obtained from the permeability of 
the cell to water. This value has been determined for several plant cells. 
When expressed in p hr. atm. at 20° C., it is 10-20 for Fucus eggs (16); 
33 for Salvinia (10); and 21 for onion bulb cells (11). Since these values 
do not differ greatly from each other, a value of 20 will be used. Converting 
to cm., it becomes 20 x 10 4 cm. hr. atm. From this value, the velocity of 
diffusion v, becomes Pp where P = permeability and p = diffusion gradient in 
atms. Thus 


W = 10"paPp = 10 6 p 2 AP ergs/hr., gm. tissue (3) 

The only source of energy in the plant for such work is the respiratory 
process. Consequently, in order to determine whether any particular nega¬ 
tive gradient is thermodynamically possible, it is necessary to calculate the 
amount of sugar that would have to be respired in order to do this work. 

Taking 4.185 as the mechanical equivalent of heat and 3.75 kg. cal./gm. 
as the heat of combustion of glucose, the amount of sugar respired would be 

10 6 p 2 AP_ 


S = 


10 7 X 4.185 X 3.75 x 10 s 


6.4 x 10' 6 p 2 AP 


(4) 


or, if P is taken as 2 x 10' 8 cm./lir./atm. 

S = 1.28 x 10- 8 p*A 


( 5 ) 
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This gives the gm. glucose/gm. tissue/hr. that would have to be respired 
in order to maintain the negative diffusion gradient of p atms. 

It should be noted that this is a minimum value, assuming that all the 
respiratory energy released is utilized for this purpose; i.e., 100% efficiency. 
And it does not matter what the mechanism of active absorption is, this mini¬ 
mum amount of energy must be utilized. 

Analysis of published results 

Bennet-Clark et al. (1) compared the plasmolytic and cryoseopic values 
for the osmotic pressures of six kinds of plants. In most cases the plasmo¬ 
lytic values were about 50% higher than the cryoseopic values, though some 
plants yielded no significant differences. They concluded that the difference 
is due to a “ secretion pressure. ’ ’ According to their calculations, the * ‘ secre¬ 
tion pressure” amounted to 2.6-7.1 atms. in the ease of the beets they tested. 
Thus p can be taken as having an average value of 5 atms. A, the specific 
area, is the tonoplast area/cm. 3 Beet root cells are large, but the largest are 
not more than 0.5 mm. long and 0.2 mm. wide. They are not perfect cylin¬ 
ders, but if we use these maximum figures and assume them to be such, we 
shall certainly be underestimating the specific area. The cytoplasm layer 
is barely detectable in these cells, consequently cell area can be used for 
tonoplast area. From these values, specific area of beet cells (A) can be 
estimated. 

. 2*r\ + 2nT 2 _2(l t r) 

A= ~^r*I ri 

where 1 = .05 cm. 
r = .01 cm. 

A = 240 cm. 2 /cm. 3 

If we now apply equation (5) 

S = 7.7 x 10'* gm. glucose/gm. tissue/hr. 

Since the dry matter of a beet is about 15% of the fresh weight, this 
means that the beet would respire all of its dry matter in less than 3 months 
in order to maintain the negative diffusion gradient of 5 atms., even if all the 
respiratory energy were used for this one purpose. 

In a later paper, Bennet-Clark and Bexon (3) determine the respira¬ 
tory rate of beet tissue. The highest values obtained by them were about 
150 /d gas/hr./gm. fresh tissue. In terms of glucose utilized, this is equiva¬ 
lent to 2 x 10~ 4 gm. glucode/gm. tissue/hr. Consequently, even the maximum 
respiration rate of beet tissue, which occurs temporarily under conditions of 
stimulation, is only about 2.5 times the rate that would be required to main¬ 
tain die negative diffusion gradient postulated by Bennet-Clark et al ., if all 
the respiratory energy released were utilized for this sole purpose. 

• The^e calculations prove that their hypothesis of a “secretion pressure” 
cannot account for the differences they obtained between plasmolytic and 
cryoseopic values. The true explanation is therefore to be sought elsewhere. 
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Other workers, following up their results, have also found differences be¬ 
tween the plasmolytic and eryoscopie values. 'Roberts and Styles (17) 
obtained good agreement in the case of some conifer leaves but large differ¬ 
ences with others. They attribute the differences to the presence of muci¬ 
laginous colloid. Currier (6) repeated the work with beets. In most cases 
the plasmolytic values were no more than 10% larger than the cryoscopic 
values, though in one series he obtained the same 50% difference found by 
Bennet-Clark et al. His explanation is similar to that of Roberts and 
Styles. He suggests that water squeezed out of the wall and protoplasm 
dilute the sap expressed from the frozen and thawed tissues. His own calcu¬ 
lations, however, show that the protoplasm and wall do not contain enough 
water to account for the difference. Similarly, the colloid in the plants used 
by Roberts and Styles cannot hold enough water to account for the differ¬ 
ences of as much as 21.5 atms. that they obtained. 

To check the experimental results of Bennet-Clark et al., the author 
determined the plasmolytic and cryoscopic values for red beets. A whole 


TABLE I 

Cryoscopic and plasmolytic O.P. values for beets 


llbFTROOT 

A JUICE 

A isotonic CaCl 2 

A isotonic CaOL 
A juice 


°c. 

°C. 


1 

0.885 

1.02 


o 

0.82 

1.02 


3 

0.91 

0.99 


4 

0.885 

1.02 1 


5 

0.93 

0.99 1 


6 

0.89 

1.02 


Total 

5.32 

6.06 

1.14 


beet was sliced, sections were cut from near the middle of the center slice for 
plasmolytic determinations, and the other slices were frozen for cryoscopic 
determinations. 

In agreement with Bennet-Clark et al., the plasmolytic method yielded 
higher values than the cryoscopic (table I). But the increase is only 14% 
instead of the 50% obtained by them. Similar results were obtained with a 
set of beets having a freezing point lowering of about 1.5° C. It has long 
been known that such a difference exists, but this has usually been ascribed 
to the fact that the cryoscopic value is obtained with the normal cell sap, the 
plasmolytic value with sap concentrated by the exosmosis of water accom¬ 
panying the loss of turgor on plasmolysis. 

Bennet-Clark et al. state that the ratio of the volumes of turgid: flaccid 
cell can be obtained from measurements of the linear dimensions of thin 
slices before and after plasmolysis. According to them, “in the case of the 
three beets used, the shrinkage was found to be between 2 and 4%.” Prom 
this they conclude that the value of the ratio in the beet roots examined was 
between 1.00 and 1.05. 
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It is not clear from tlieir statement whether the volume shrinkage or 
linear shrinkage is between 2 and 4%. If it is the latter, then the volume 
ratio will be between 1.06 and 1.12 instead of 1.00 and 1.05. This would 
agree better with results usually obtained for potato tuber tissue. Thus the 
two ratios calculated from Lyon’s (12) results (table I) are 1.04 and 1.13, 
respectively. 

To check this, some measurements were made on beet roots (table II) 
taken from the same lot as those used for the determinations in table I. 

The average linear ratio was 1.05, which agrees with the values given by 
Bennet-Clark et al. for the volume ratio. The true value for the volume 
ratio is 1.16. Thus the plasmolytic value is 14% larger than the cryoscopic 
value, and the decrease in cell volume that occurs during the determination 
of the plasmolytic value is 16%. Consequently, in these beets the “secretion 
pressure” postulated by Bennet-Clark et al. is non-existent. 

Prom these results it is evident that part of the discrepancy between the 
plasmolytic and cryoscopic values of Bennet-Clark et al. is due to their 


TABLE II 

Determinations or the ratio or turgid : flaccid cell in beetroots. 
Each value an average or 6-10 strips 


Original length 

OF TISSUE STRIP 

Length in hyper¬ 
tonic’ OaCl 2 

Linear ratio 

Volume ratio 

mm . 




30.0 

28.50 

1.055 


29.0 

27.75 

1.045 


29.5 

28.15 

1.050 

Av. 1.16 


underestimation of the change in cell volume on loss of turgidity. Currier’s 
values (2.2-7.3%) also seem too low, possibly due to the fact that one meas¬ 
urement was made on normal tissue, the other on infiltrated tissue. Changes 
in intercellular volume may conceivably mask part of the change in cell 
volume. Judging from cell measurements, however, the maximum cell 
shrinkage is not likely to be more than 20%, and therefore cannot wholly 
account for the differences obtained by Bennet-Clark et al. 

The method they used for plasmolytic determinations may also have been 
at fault. They deny the possibility of adhesion of protoplast to cell wall, 
partly because no wall deformation was seen. Such a deformation is not 
likely to be seen since it would be in the vertical plane of the section. The 
method used by the author avoids such an error, since the cells are always 
strongly plasmolyzed first, then allowed to deplasmolyze in successively 
weaker solutions until incipient plasmolysis is detected. This method has the 
added advantage of producing convex plasmolysis even in cells with the most 
viscous protoplasm. Traces of convex plasmolysis are much more readily 
detected than traces - of concave plasmolysis. The use of CaCl* as plasmolyte 
avoids changes in concentration such as occur in sugar solutions due to the 
activity of microorganisms. The more rapid diffusion of CaCl 2 permits equi¬ 
librium to be reached much sooner than with sugar solutions. 
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Bennet-Clark ct al. do not mention whether or not they determined the 
freezing poiut lowerings of the sugar solutions used. If the osmotic pres¬ 
sures were simply calculated from the concentration, the plasmolytic values 
are almost certain to be high. 

The wide spread in their plasmolytic values for different cells of the same 
root may indicate some factor such as adhesion or simply too great a varia¬ 
bility between cells to obtain an average for the whole tissue from the 100 
cells examined. The author always found it possible to distinguish three 
solutions: a hypertonic solution producing slight plasmolysis in all the cells; 
an isotonic solution producing incipient plasmolysis in about half the cells; 
and a hypotonic solution producing plasmolysis in few or none of the cells. 
The isotonic solution usually differed from the other two by about J atm. 

There are several other possible explanations. The smaller samples used 
by them to determine the freezing point lowering of the juice may have intro¬ 
duced larger errors because of the condensation of moisture on the cold 
tissues or due to inability to express a large enough fraction of the juice from 
such small samples to be representative (the first traction would be more 
dilute). Thus their results varied from 0.67 to 0.83° C. for six different 
cylinders obtained from the same beet. The variations in our results for six 
different beets were only half as great. 

Thus there are many sources of error, the sum total of which might con¬ 
ceivably lead to large differences such as were obtained by Bennet-Clark 
et al. That these differences are not real is indicated by thermodynamic 
calculations, by our failure to obtain them, and by the great variability in 
the results obtained by Bennet-Clark el al. 

Mason and Phillis (14) assumed that the juice expressed from living 
leaves was the vacuolar sap and that remaining in the leaves was proto¬ 
plasmic. On the basis of this assumption, they found that the O.P. of the 
“vacuolar sap” of cotton leaves was 2.4 atms., that of the “protoplasm” 
19.3 atms. They concluded that the difference represented a “secretion 
pressure.” 

Mason and Phillis used the blades of cotton leaves freed of large veins. 
The cells are mainly cylindrical and not more than 100 n long by 20 (i in 
diameter. From these dimensions, the specific area (A) is 2200 cm. 2 /gm. 
Consequently from equation (5) 

S = 8.1 x 10 J gm. glucose gm. tissue hr. 

From Mason and Phillis’ own measurements of the respiration rate, it can 
be calculated that 0.088 gm. dextrose were respired/100gm. tissue/hr.; i.e., 
the actual rate of respiration is about -jV as rapid as would be required to 
maintain the negative diffusion gradient even if all the respiratory energy 
released were used for this sole purpose. 

The fantastically high amount of energy that would have to be expended 
by the protoplasm in maintaining this negative diffusion gradient makes it 
quite clear that Mason and Phillis’ “vacuolar” and “protoplasmic” frac¬ 
tions are in no way related to the true vacuolar and protoplasmic components 
in the living cell. 
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Mason and Phillis postulated that the pressure produced protoplasmic 
“fissures” which allowed the passage of unaltered vacuolar sap through the 
protoplasm. They give no reason for this hypothesis other than that it fitted 
in with their other assumption that the sap is unaltered by passage through 
the living cells. The fact that the concentration of the juice remained con¬ 
stant as the pressure was increased indicates that no such fissures developed, 
since they would enlarge with the increased pressure. Furthermore, since 
it required pressures of 400 atms. (6000 lb./in. 2 ) to obtain the expressed 
juice, and since the living cells plasmolyzed in a solution with an O.P. of 
22.8 atms., it is inconceivable that these pressures should fail to force water 
through the unaltered plasma membrane. Consequently, their “vacuolar 
sap” was really almost pure -water which they had filtered through the 
plasma membrane. 

Using two methods of calculation (both based on the assumption that the 
liquid expressed from living tissues represents vacuolar sap) they conclude 
that the cell consists of 70% protoplasm and 30% vacuole. 

Chibnall (5) gives analytical values for spinach leaves from which these 
fractions can be calculated. The total protein N varied from 2.9-3.8'/ of 
the dry weight during a period in which the dry weight varied from 16-11% 
of the fresh weight. On a fresh weight basis, this gives a value of 0.45% N. 
But only l of this was cytoplasmic N, the rest being chloroplast N. And since 
the cytoplasmic protein had an N content of 16.25%, the amount of cyto¬ 
plasmic protein was therefore 1.385 gm./lOO gm. fresh tissue. From analyses 
of the protoplasm of many organisms, it has been found that it contains 
7-10% protein (19). This gives a value of 19.8-13.85 gm. cytoplasm/100 
gm. fresh tissue. The cytoplasm of spinach leaves therefore cannot occupy 
more than of the cell volume. The true value is likely to be even lower 
than this since, in view of the high O.P. of leaf cells, the cytoplasm of leaves 
is undoubtedly less highly hydrated than that of the slime moulds and ani¬ 
mals on which the 7-10% value is based. 

Whether or not the same values would be obtained with cotton leaves, we 
cannot say. Maskell and Mason (13) give N values of V/i of the fresh 
weight for cotton leaves, which is double the value used above. However, 
this represents total N, which must be considerably higher than protein N. 
The values for cotton leaves are therefore probably of the same order as those 
for spinach. 

Observational methods also show quite clearly that their calculated re¬ 
sults are in error. They claim to have observed that the protoplasm occupies 
more of the cell than does the vacuole. To check on their observations, the 
author vitally stained sections of Cotton leaves with neutral red. As in most 
leaves, practically the whole protoplast stained, the cytoplasm forming an 
almost invisible layer around the stained vacuole. 

Every experimental value obtained by them gives further evidence of 
their misinterpretation. Thus the expressed juice had a pH of 7.0 to 7.2, the • 
residue 5.7. Since protoplasm is known to have a pH about 7.0 ( 8 ) and 
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vacuolar sap is always acid [usually below pH 6 (18)] the above fractions 
cannot be vacuolar sap and protoplasm respectively. 

-Bennet-Clark et al. (2) used Mason and Phillis’ method to express 
juice from leaves containing colored vacuolar sap. The presence or absence 
of color in the expressed juice enabled them to judge whether or not they 
obtained vacuolar sap. When the pressures were applied gradually, the 
expressed juice was colorless. This juice was therefore almost pure water, 
filtered through the semi-permeable protoplasm layers. When, however, the 
leaves were subjected to sudden large increments of pressure, the expressed 
juice was strongly colored and had considerably higher osmotic values (7.86 
atms. for Fagus sylvatica when 156 atms. pressure was suddenly applied; 
3.75 atms. when 174 atms. pressure was applied gradually). Juice expressed 
from the killed residue (frozen in dry ice) was less intensely colored in the 
case of Fagus sylvatica and had higher osmotic values. Bennet-Clark et al. 
conclude that Mason and Phillis’ interpretation is correct when pressures 
are applied suddenly; i.e., the juice from live tissue represents vacuolar sap 
and that from the killed residue cytoplasmic sap. They also accept Mason 
and Phillis’ concept of protoplasmic “fissures,” through which the sap 
supposedly passes unaltered. 

On the basis of these assumptions, they obtained differences of 6-19 atms. 
between the osmotic pressures of the “cytoplasmic sap” and “vacuolar sap.” 
These results are of the same order as those of Mason and Phillis ; conse¬ 
quently, the amount of energy required to maintain the negative diffusion 
gradient is again fantastically high. 

The reasons for their interpretation are not given. It is obvious that if 
water can be filtered through the protoplasm when pressures are gradually 
applied (which Bennet-Clark cl al. proved), it will also be filtered through 
the protoplasm if those same pressures are suddenly applied. If the sudden 
application of pressure should produce protoplasmic “fissures” small enough 
not to injure the cells, then the expressed juice would be a mixture of un¬ 
altered or relatively little altered sap and filtered sap. The greater the pres¬ 
sure applied, presumably the greater the proportion passing through the 
fissures. Increased pressures would then result in increased osmotic pres¬ 
sures which is precisely what Bennet-Clark et al. obtained. The mere fact 
that successive fractions always gave higher O.P. values is proof that they 
did not obtain unaltered vacuolar sap. The juice expressed from killed 
residue must therefore .have a higher O.P. than that pressed from the live 
tissue. This result is in no way connected with the O.P. of the vacuole and 
cytoplasm respectively. 

Since they never expressed all the juice (total amounts from 28 to 72% 
of the fresh weight were obtained) it is obvious that the average O.P. of all 
the expressed fractions would have to be considerably lower than that of the 
normal cell. Here again, this is simply due to the partial filtration of the 
juice and there is no need to seek any other explanation of the fact that 
plasmolytic values were higher than these averages. 
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It is interesting to note that of the six species tested by them, only one 
(Fagus sylvatica) gave higher concentrations of anthocyanin in the juice 
expressed from the living leaves than from the killed residue. In spite of 
this, Bennet-Clark ct al. conclude that the former represents vacuolar sap, 
the latter protoplasmic sap. 

The above calculations prove* that due to the enormous specific surface of 
the cell and its very high permeability to water, the living cell is unable to 
maintain a diffusion gradient of several atmospheres between the protoplas¬ 
mic water and vacuolar water. In the case of the beet tissue used by Bennet- 
Clark ct al., a gradient of 1 atmosphere would require fully 1/60 of the total 
maximum respiratory energy released under temporary stimulation or 1/30 
when respiration is at the normal rate. In the ease of the cotton leaves used 
by Mason and Piiillis, 1/30 of the total respiratory energy released would 
be just sufficient to maintain this same 1 atmosphere gradient. Since so 
many other energy-consuming processes are simultaneously taking place in 
the cell, it is doubtful if this large fraction could be so used, and we can 
conclude that the energy available is certainly incapable of maintaining a 
diffusion gradient of more than 1 atm. between the cell sap and protoplasm. 
Since, however, the energy needed is directly proportional to the square of 
the gradient (equation 4) enough would be available to maintain a gradient 
of a fraction of an atmosphere. Whether the mechanism for this process 
exists in the cell is another question. 

Lyon (12) determined the “non-osmotic force” from the difference be¬ 
tween the ‘‘calculated net osmotic pressure” and the “observed net osmotic 
pressure.” Aside from the impossibility of obtaining a force by subtracting 
one pressure from another, it would be less confusing if w r e compared the two 
calculated values of wall pressure, for it is really these that he is comparing. 
We will avoid the use of Lyon’s symbols. 

One value is calculated on the assumption that the wall pressure equals 
the osmotic pressure (0) minus the “net osmotic pressure”; i.e., the suction 
pressure (S) or diffusion pressure deficit. We will call this W,. 

W T = 0-S (6) 

The other is calculated on the assumption (not stated by Lyon) that Hooke’s 
law holds for the cell wall; i.e., wall pressure is proportional to wall exten¬ 
sion ( and therefore approximately to cell volume). We will call this W 2 . 

Let us assume with Lyon that there is a “non-osmotic force” producing 
an “active” uptake of water. We will use the symbol A for the pressure 
produced by this “active” uptake. Then 

W, = 0 + A-S (7) 

On the basis of Lyon’s hypothesis, Wi would be the incorrect value, W 2 
and W 3 the correct ones. Therefore W 2 = W ;t . 

But^Wj > Wi (by an amount equal to A). 

Therefore W 2 > Wi. 

Actually Lyon finds that W 1 >W 2 ; e.g., in table I Wi = 10.35 and 
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\V 2 = 5.77. It follows that he has no evidence whatsoever for a “non-osmotic 
force” unless it has a negative value; i.e., the water would be pumped out 
of the cell instead of absorbed! 

This does not, of course, explain why he did obtain such large differences 
between Wj and W 2 . If we consider the assumption on which W 2 is based, 
it can be seen that this is valid only if the wall is not stretched beyond its 
elastic limit, for then Hooke’s law does not hold. 

To determine whether or not this is true, the author tested Lyon’s tech¬ 
nique. Strips of potato tissue (20 x 1 x 1 mm.) were allow’ed to shrink in 
isotonic dextrose and measured from time to time. At the end of one hour 
(which was found to be sufficient for equilibrium to be reached), the strips 
were transferred to tap water. They were measured at the end of four hours 
(the time used by Lyon) and then returned to the isotonic dextrose. Equi¬ 
librium was again reached at the end of one hour, but to make sure, the final 
measurements were made after 18 hours. These checked with the ones at the 
end of 1 hour. The results arc shown in table III. 


TABLE III 

Length of strips of potato tuber tissue (avfruie of 6) 


Isotonic dextrose 
(0.60 M) 

W^TER 

2nd immersion in 

ISOTONIC DEXTROSE 

mm . 

m m . 

mm . 

20.5 

24.5 

22.0 


Thus the elastic stretch at the end of 4 hours in tap water was only 62.5' o 
of the total stretch. Lyon’s value for W 2 is 56(r of the value obtained from 
the classical equation W •* O-S, or 58'( if he had calculated wall pressure 
from the increase in length of the strip instead of the increase in volume 
(Hooke’s law refers to a linear stretch). Now if the total stretch were multi¬ 
plied by 0.625 to eliminate the fraction due to plastic stretch, there would 
be no significant difference between the two values for AV. The two percent¬ 
ages agree well enough, considering that they were obtained with different 
tubers. 

It is obvious, therefore, that wall pressure cannot be calculated on the 
assumption that Hooke’s law holds, unless a correction is made for plastic 
stretch (permanent set). If, however, the cell wall of the normally turgid 
potato tuber cell is not stretched beyond its clastic limit, a correction such 
as made above should be valid. 

If such a correction is made, it should be possible to determine the true 
value for A in equation (7). But does this quantity A really represent the 
postulated pressure due to ‘ * active ’ ’ absorption of water ? It must be remem¬ 
bered that the quantity 0 represents not the osmotic value of the cell sap but 
of the living protoplast, .since it was determined by the method of minimum 
cell volume. Consequently, any pressure due to active absorption of water 
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is included in this quantity. Any further work along the lines attempted by 
Lyon will therefore fail to shed light on the problem of “active” water 
absorption. 

In contrast to the above investigators, van Overbeek (15) has produced 
strong evidence to show that the root pressure of a growing tomato plant is 
partly due to non-osmotic forces. He obtained small negative diffusion 
gradients (1-li atms.) between the osmotic pressure of the xylem exudate 
and the suction pressure of the roots surrounding it. These differences were 
obliterated by KCN. The plants used were growing actively and therefore 
were in a high state of metabolic activity. The area across which the gradi¬ 
ent was maintained was simply the area of the stele or endodermal layer. 


2 r 

The specific surface is -~ 


ing the ratio 


stele radius 


where r s = stele radius and r, * root radius. Assum- 


has a value of about the specific surface is there- 


root radius 

fore 0.22 cm. 2 /cm. 3 root tissue. This is only 1 1000-1/10,000 that of the 
tonoplast specific surface calculated above. 

From equation (5), we can calculate that the amount of sugar that would 
have to be respired in order to maintain the negative gradient in van Over- 
beek’s experiments is 2.82 x 10 0 gm. gin. tissue hr. 

It would therefore require the energy released by the respiration of 
approximately 0.3 micrograms sugar 100 gm. tissue hr. to maintain this 
negative diffusion gradient. Thus from the point of view of energy require¬ 
ment, van Overbeek ’s results are well within the realm of possibility. 


Summary 

1. A simple formula is derived for calculating the energy needed to main¬ 
tain a negative diffusion gradient in plant tissues. 

2. Calculations reveal that respiratory energy is incapable of maintain¬ 
ing a negative gradient of more than 1 atmosphere between the osmotic pres¬ 
sures of the vacuole and cytoplasm of a cell. 

3. A critical examination of the higher values obtained by other workers 
reveals that these values are due to incorrect interpretations. 

4. In absorbing roots, a negative gradient of 1 atm. between the stele and 
the tissues external to the stele could be maintained by the energy released 
from the respiration of 0.3 micrograms sugar/100 gm. tissue/hr. 

Department of Botany 

i* 

University of Missouri 
Columbia, Missouri 
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EFFECT OF ALTERNATING CONDITIONS OF BORON NUTRITION 
UPON GROWTH AND BORON CONTENT OF GRAPE 
VINES IN SAND CULTURE 1 
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The effect of boron deficiency upon the growth and fruiting of the grape 
under field conditions has previously been reported by the author (9, 10). 
The field investigations led to further studies under controlled conditions; 
thus the present paper is concerned with the development of symptoms of 
boron deficiency and the accumulation and translocation of boron in the vine 
under alternating levels of boron nutrition of grape vines in sand culture. 


Methods 


Two-year-old vines of the varieties Catawba, Herbert, Golden Muscat, 
and Lindley were planted in 2.5-gallon glazed crocks filled with twenty-mesh 
washed white quartz sand and provided with a drainage hole. On March 23, 
1943, twelve vines of each variety, carefully selected as to uniformity of size, 
were planted one to a crock. The vines were pruned back to two canes, and 
four buds were permitted to develop shoots on each vine. The crocks were 
arranged on a ground plot in the greenhouse in four varietal blocks of twelve 
vines each. 


Two nutrient treatments, hereafter designated as “plus-boron” and 
“minus-boron,” were used. The plus-boron solution contained: 170 p.p.m. 
of mono-potassium phosphate; 590 p.p.m. of calcium nitrate; 148 p.p.m. of 
magnesium sulfate; 5 p.p.m. of iron citrate; 0.91 p.p.m. of manganese chlo¬ 
ride ; 0.11 p.p.m. of zinc sulfate; 0.04 p.p.m. of copper sulfate; 0.045 p.p.m. 
of molybdic acid; and 0.5 p.p.m. of boron from boric acid. The minus-boron 
solution was identical in composition except for the omission of boron. The 
pH of the solutions was adjusted to approximately 6.0 by the addition of 
sodium hydroxide. The nutrient solutions were applied by flushing each 
crock with 500 ml. of the solution three times a week. On other days the 
plants were given distilled water. 

The plus-boron and minus-boron treatments were applied to alternate 
vines in each varietal blofik. Seven weeks after planting, three of the plus- 
boron Golden Muscat vines were changed to minus-boron treatment and 
three minus-boron vines were changed to plus-boron treatment. A week later 
a similar change was made with the Catawba and Herbert vines. The nutri¬ 
ent-sand culture seemed well adapted for grapes since the plus-boron vines 


exhibited^ vi^rous, normal foliage and each vine made a total shoot growth 
i Scientific Paper no. A176. Contribution no. 2077 of the Maryland Agricultural 


Experiment Station (Department of Horticulture). 
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of ten to fifteen feet by the end of three months wfyich is comparable to good 
field growth in the first season after planting. 

Estimation of boron was made by the quinalizarin method (6). Since 
determinations of boron content of the vines under field conditions (10) had 
shown rather extreme differences existing in various parts of the vine; four 
classes of material were sampled for analysis: (a) lower leaves, consisting of 
mature leaves toward the base of the cane usually including the second to 
fourth leaves; (b) upper leaves, consisting of the four or five young, smaller 
leaves at the end of the shoot; (c) lower stem, the portion subtending the 
lower leaves; and (d) upper stem, that portion subtending the upper leaves. 
The upper leaves of class (b) were in actively growing condition in all nor¬ 
mal plus-boron vines but were much older and apparently had ceased growth 
in the boron-deficient vines. All leaf samples included the petiole. Material 
from the three vines constituting a nutrient treatment were composited to 
form a sample. All samples were taken at the conclusion of the experiment 
(three months after planting) with the exception of a series taken from the 
Catawba and Herbert vines at the time of changing from plus to minus and 
from minus to plus boron nutrition. 

Results 

Deficiency symptoms 

The first evidence of symptoms of boron deficiency were observed about 
one mouth after growth commenced. At this time the plus-boron Catawba 
vines had made a total shoot growth of about 120 cm., the Golden Muscat 
vines 70 cm., the Herbert vines 110 cm., and the Lindley vines 155 cm. The 
symptoms in the early stages were exhibited as (a) a diffuse yellowing or 
chlorosis of the younger leaves; (b) brownish, water-soaked areas developing 
in the apical tendrils; and (c) cupping of the third or fourth leaf from the 
shoot tip. The exact order of appearance of these symptoms varied among 
the varieties. The Golden Muscat vines first showed chlorosis while with the 
Catawba and Herbert vines, the water-soaked areas on the young tendrils 
appeared first. Later stages of the deficiency consisted largely of a progres¬ 
sive worsening of the earlier symptoms shown on the leaves and tendrils. 
The leaves became more cupped and rugose, the chlorosis developed between 
the veins, and, in extreme cases, entire areas of the leaf became necrotic. 
The tendrils developed transverse cracks and later died back from the tips. 
Death of the terminal bud, a well-recognized symptom of boron deficiency 
w’ith many plants, did not occur until the leaf and tendril symptoms were 
quite advanced; finally, however, the terminal bud died and abscissed. 

The apical internodes of the deficient vines were much shorter than those 
of the normal vines. All of the affected parts exhibited abnormal rigidity 
and brittleness. Young leaves appearing after the onset of the deficiency 
were often misshapen and malformed, and deeply-lobed with a cut-leaf effect. 
Deficiency symptoms did not develop on the lower leaves of the vine, even 
though the terminal parts were extremely affected. On rapidly growing 
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fehoote of the grape, the fifth or sixth leaf from the tip was the oldest leaf to 
show boron deficiency and, on these, symptoms were usually confined to 
marginal 'chlorosis only. This is illustrated in figure 1, which shows the 
entiite growth produced by a minus-boron Lindley vine. The three lower 
leaves* Showed no-evidence of deficiency symptoms even though the extreme 
symptoms at the tip had developed a month before the photograph was taken. 



Fig. 1, A Lindley grape vine grown under minus boron nutrition m sand culture. 
Note that the lower leaves show no evidence of deficiency even though growth had ceased 
and terminal symptoms were severe a month before the photograph was taken. 

Apparently the symptoms are developed only in those parts which are in 
active meristematic condition at the time of occurrence of the deficiency. 

Effect of alternating nutrient solutions 

The vines which were changed from plus-boron to minus-boron culture 
and those changed from minus-boron to plus-boron will be referred to respec¬ 
tively as plus-minus and minus-plus boron vines. The minus-boron Golden 
Muscat and Catawba vines showed extreme symptoms at the time of change, 
'ten days after application of boron these vines gave evidence of recovery 
and in fifteen to twenty days the new growth was developing normally. 
Since the terminal bud had abscissed on these varieties, several lateral buds 
were -Jorced, giving a bushy appearance to the canes when growth was re¬ 
sumed. A similar condition has been noted in the vineyard (9) and termed 
“witch's broom.” The Herbert vines showed only the first stages of defi¬ 
ciency atHhe time of changing from minus to plus boron culture. The termi¬ 
nal buds of these varieties resumed growth. In all instances leaves of the 
minus-plus vines which showed deficiency at the time of changing to the plus- 
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boron solution retained all of those symptoms evpn though the new leaves 
were normal in growth and appearance. The occurrence of deficiency symp¬ 
toms on the older leaves of a vine therefore would not necessarily indicate 
a boron deficiency existent in the vine at the time of observation. 

The plus-minus boron vines were much slower in developing evidence of 
deficiency than the minus-plus vines were in recovering from the deficiency. 
The plus-minus Golden Muscat vines showed tendril necrosis twenty-five 
days after the change of treatment. A week later the symptoms had pro¬ 
gressed to an advanced stage. The Catawba and Herbert plus-minus vines 
were even slower in exhibiting evidence of the deficiency, the first symptoms 
appearing in thirty days. 

Growth of vines 

Weekly measurement of the canes of each vine throughout the course of 
the experiment gave an opportunity to correlate linear growth with develop¬ 
ment of boron deficiency symptoms in the several treatments and varieties. 
Since a deficiency of boron affected primarily the apical meristematic areas, 
it is quite evident that the deficient vines should show a distinct curtailment 
of linear growth. The linear growth of the vines and the weight of the 
growth produced are given in table I. These data show the much greater 
growth of the vines in the plus-boron culture, and the effect on the total 
growth caused by the alternating conditions of boron nutrition. The shoot 
growth and weight of the minus-plus vines indicate clearly the recovery of 
the vines after boron was added to the culture solution. Conversely, the 
growth of the plus-minus vines shows the depressing effect of the omission of 
boron from the culture solution during the last month of the test. 

Since it is of importance to recognize the earliest exhibition of a nutrient 
deficiency rather than the extreme symptoms, it is of interest to know if the 
growth rate of the canes of the vines was affected prior to the appearance of 
definite observable symptoms. Such a condition was observed (data not pre¬ 
sented) in the case of the Golden Muscat and Lindley vines, in which there 
was a distinctly lower growth rate for one or two weeks before any foliar 
symptoms were apparent. 

Boron content of the vines 

The boron content, expressed in parts per million on a dry weight basis, 
of all parts of all varieties receiving boron in the nutrient solution was much 
higher than that of comparable parts of vines not receiving boron (table II). 
This difference was especially pronounced in the concentration of boron in 
the leaves, with the plus-boron leaves having three to six times as much boron 
as the minus-boron leaves. The plus-boron vines showed a much greater 
concentration of boron in the leaves than in the subtending stems. In the 
minus-boron vines the differences in boron content between the leaves and 
stems was insignificant, indicating an equalization of concentration in the 
parts of the boron deficient plants. The boron content of the plus-boron 
vines ranged from 56.8 to 146.0 p.p.m. in the leaves and from 29.0 to 4L4 
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p.p.m. in the steins. The boron content of the minus-boron plants ranged 
from 10.8 to 27.0 p.p.m. in the leaves and from 20.4 to 23.9 p.p.m. in the 
stems. It should be pointed out that the lower and upper leaves of the 
minus-boron Catawba and Herbert vines had a similar boron concentration, 
although the lower leaves were entirely normal in appearance while the upper 
leaves had exhibited advanced stages of boron deficiency for a prolonged 
period previous to sampling. 

The boron content of those vines in which there was an alternation of 
boron nutrition is also given in table II. The withdrawal of boron from the 
culture solution resulted in greatly decreased boron content of both upper 
and lower leaves, when compared to the continuous plus-boron culture. Here 


TABLE II 

The horox context oe grape vines after three months’ growth 

IN GREENHOCSE RAND CI LTCRK 



Portion 

Boron on oven 

-DRY WT. BASIS 

Treatment 

OF VINE 

--- 

-- 


— — 


ANALYZED 

Catawba 

Herbert 

IxOLDEN 

Muscat 

Lindley 



p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

Continuous plus-boron, 

Lower leaves 

77.4 

119.6 

123.3 

87.8 

March 23-June 23 

Upper leaves 

93.3 

146.0 

56.8 

109.2 


Lower stem 

29.3 

29.0 




Upper stem 

41.1 

41.4 



Continuous minus-boron, 

Lower leaves 

27.0 

24.4 

12.7 

21.6 

March 23-June 23 

Upper leaves 

23.4 

23.6 

15.8 

10.8 


Lower stem 

22.(> 

20.4 




Upper stem 

21.0 

23.9 



Plus-boron until May 21, 

Lower leaves 

35.8 1 

35.8 

42.2 


minus boron thereafter* 

Upper leaves 

26.3 

1 31.7 

16.9 


; 

Lower stem 

39.0 

, 25.0 




Upper stem 

44.1 

25.2 



Minus-boron until May 21, 

Lower leaves 

152.4 

90.9 

46.3 


plus-boron thereafter* 

Upper leaves 

60.6 

105.3 

45.3 



Lower stem 

41.1 

28.3 




Upper stem 

65.8 

47.3 




* (iolden Muscat vines changed in treatment May 13. 


again, there is apparently a tendency toward equalization of boron concen¬ 
tration in the various plant parts under conditions of a low boron nutrition 
level. With addition of boron to the culture solution, the boron level of the 
minus-plus vines closely approached or even exceeded that of the continuous 
plus-boron vines at the end of the test. It will be noted that the lower leaves 
and stems of the minus-plus vines had a boron content greatly in excess of 
that in the continuous minus-boron vines, indicating a build-up of boron in 
these tissues after the inception of the plus-boron nutrition. 

Thus far, only comparative boron levels of the several treatments at the 
end of the experiment have been presented. Since with Catawba and Her¬ 
bert, canes were removed for sampling at the time of change of treatment 
from plus to minus boron nutrition and vice versa, there is opportunity to 
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compare the boron content of these plants at the time of change and a month 
later at which time the effects of the change >of treatment were apparent in 
the foliar development. The differences in boron level of the leaves and 
stems brought about by the alternation of boron nutrition is shown graphi- 



VIO */IJ S/20 0/22 

OATC or SAMPLIN6 

Fig. 2. Effect of changing from plus boron to minus-boron nutrition upon the boron 
content of shoots of the grape. Treatments changed May 20th. 

eally in figures 2 and 3. In general the previous data are substantiated. 
The change from a plus-boron to a minus-boron nutrient culture resulted in 
a much lower boron content of both lower and upper leaves although the 
stems showed slight change in boron level. The addition of boron to the 



Fib. 3. Effect of changing from minus-boron to plus-boron nutrition upon the bo^on 
content of shoots of the grape. Treatments changed May 20th. 

nutrientusolution caused a great increase in the boron level of the vines grown 
previously in a minus-boron culture, with the highest level attained in the 
leaves. 
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Discussion 

The data on growth measurement and boron content of the grape vines 
grown in the sand culture experiments contribute information on two prob¬ 
lems of boron nutrition of plants concerning which there is found contro¬ 
versial or inconclusive statements in the literature. These problems involve: 
(a) the relationship between boron content of the plant and deficiency symp¬ 
toms; and (b) consideration of the mobility or retranslocation of boron 
within the plant. 

It has been found that plants exhibit luxury consumption of boron in the 
presence of an adequate supply, building up a content far above any critical 
level (8). Also Batjer (1) has found that the difference in boron content 
between normal and boron-deficient apple fruits may be very slight. Such 
findings and other factors present difficulties in an attempt to establish a 
definite relationship between the boron content of the plant and apparent 
deficiency symptoms. It is clear that in a boron-deficient grape vine the 
basal leaves, which are normal to all outward appearances, may be just as 
low or lower in boron than the upper leaves which may show extreme symp¬ 
toms. Likewise, leaves with extreme boron symptoms may have a boron 
content equal to that of normal leaves if samples are analyzed following a 
period of adequate boron nutrition. Such apparently contradictory results 
are logical if it is assumed that only those leaves which are in actively meri- 
stematic condition can develop deficiency symptoms; that boron deficiency 
symptoms in mature leaves does not disappear when boron nutrition is re¬ 
sumed, although the leaves may increase greatly in boron content. 

The above findings are pertinent to the problem of sampling and analysis 
of plants for the purpose of diagnosiug boron deficiencies in the field. The 
boron content of mature leaves showing deficiency symptoms may in no wise 
indicate a below-minimum boron level, if the plant had had access to an 
adequate supply of boron just previous to sampling. The seasonal nature 
of the occurrence of boron-deficiencv symptoms under vineyard conditions 
shown by the author (10) presents a situation regarding boron nutrition of 
the vine not dissimilar to that established in the alternation of boron nutri¬ 
tion in sand cultures. Thus there were found in the vineyard, shoots of the 
current season’s growth exhibiting symptoms of boron deficiency on the basal 
and terminal leaves but with normal leaves in the medial portion. 

The definite tendency for the vines to exhibit equalization of boron con¬ 
centration under low-boron nutrition may possibly serve as a diagnostic 
index in the attempts to correlate deficiency symptoms with boron levels in 
the plant. 

There seems to be a rather general agreement in the literature concerning 
the immobility of boron within the plant tissue and the subsequent need of a 
continuous supply furnished by the nutrient substrate for the maintenance 
of growth (3, 7,13,15). Skive (11) concluded that plants of tobacco and 
cotton cannot build up an available reserve of boron in their tissues which 
will sustain normal development during a later deficiency of this element'. 
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However, Shive in a later paper (12); gives evidence of a portion of the 
boron within the plant existing in a mobile state by finding 28.7% of the 
boron in Vida f aba and 78.4% of the boron in the corn plant in the expressed 
sap of the tissues. 

Certain of the results in the present experiment can be used as evidence 
concerning the mobility and transfer of boron in the current season’s growth 
of the grape vine. The growth habit of the vine makes the grape peculiarly 
adaptable for such studies. In so far as the initial growth of the vines in the 
minus-boron treatment is concerned, it is impossible to definitely ascertain 
whether this growth utilized reserve boron in the roots and stem of the two- 
year-old vine or whether some boron was available in the sand culture media. 
However, it seems unlikely that the sand, after being thoroughly washed and 
leached at the beginning of the experiment, would provide available boron 
for the heavy initial growth which occurred for about thirty days before 
symptoms of deficiency were observed. Other workers have noted similar 
results. Weinberger and Cullinan (14) working with one-year-old peach 
trees cut back to a single bud, obtained normal growth for a period of about 
six weeks in a minus-boron sand culture. Johnston and Fisher (5) found 
that tomato plants upon removal to a minus-boron nutrient water culture, 
continued in growth for a period of about three weeks. It must be assumed 
that this growth necessitated the utilization of boron present in tissues laid 
down before the change in nutrient conditions was effected. 

The relatively delayed appearance of deficiency symptoms after changing 
from a plus-boron to a minus-boron nutrition in the present experiment also 
suggests that there was utilization and transfer of reserve boron. It is inter¬ 
esting, and perhaps suggestive, that the period from the time of withholding 
boron from the nutrient solution until the appearance of deficiency symp¬ 
toms, closely approximated the period from growth inception after planting 
until the initial symptoms of deficiency. Furthermore, the actual amount 
of cane growth made by the vines during these two periods was not greatly 
different. 

More definite evidence of boron transfer within the vine is afforded by 
the analyses of the different parts of the vines of the several treatments. In 
all instances there was a definite reduction in boron content of the lower 
leaves on the canes of vines which were changed from plus-boron to minus- 
boron nutrition. Since these leaves were mature and inactive in growth at 
the time of change of treatment, their greatly lowered boron level could be 
explained only by assuming"a transfer of boron to the upper and active meri- 
stematic regions. Since the stems of the plus-boron vines were as high in 
boron as the stems of the continuous boron vines, it follows that the leaves 
served largely for storage of reserve boron. This also would be assumed from 
the fact that the leaves of the vines built up a much higher content of boron 
under pluSrboron nutrition than did the stems. 

The apparent equalization of the boron level in various parts of boron- 
deficient vines of the plus-minus series may also be accounted for on the 
basis of transfer, since it was shown that a differential existed in these plants 
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before the deficiency developed. Although there is qlear evidence that trans¬ 
fer of boron does occur, and that therefore it can be assumed that the boron 
in the grape vine is in a mobile state, it is likewise clear that transfer from 
the lower leaves can take place only when the boron content in these leaves 
is above a certain level. Boron present in the leaves at this critical level, 
which was about the same for the three varieties, presumably may be con¬ 
sidered to exist in an immobile state insofar as transfer, adequate to maintain 
normal growth at the growing point, is concerned. Calculated on the basis 
of analyses of the continuous plus-boron vines, about two-thirds of the total 
boron in the lower leaves of Herbert and Catawba, and about half of that in 
Catawba, was transferred during the thirty-day period of minus-boron nutri¬ 
tion in the plus-minus treatment. Of course, the percentage of the total 
boron present in the mobile state would be greatly dependent upon the 
degree of “luxury” consumption and reserve accumulation of boron that 
has taken place. 

Study of boron transfer within the plant by analysis of the plant parts 
was also made by Brandenburg (2) with the sugar beet. He found that 
when the boron supply was interrupted, the new leaves of the sugar beet were 
very low in boron content; the older leaves, formed while the boron supply 
was plentiful, retained the normal amount of boron. This result is in direct 
opposition to the present findings with the grape, in which the older leaves 
lose boron as the younger leaves are developed under minus-boron nutrition. 
It is conceivable, as suggested by Eaton and Blair ( 4 ), that the organic 
form of boron in the tissue of different species of plants may be greatly differ¬ 
ent, resulting in a widely varying percentage of the boron present in soluble 
or mobile form. 

From the data presented herein on the analyses of the plant parts and 
on the growth of the vines in the several treatments, it seems logical to con¬ 
clude that there was a definite transfer of boron from the lower mature leaves 
on the cane of the grape upward to the terminal actively growing parts, and 
that the amount thus transferred was sufficient to maintain normal growth 
of the cane for a limited period, or until the lower leaves were depleted of 
boron to a certain level. With regard to the findings of other workers on the 
question of mobility of boron within the plant, it would seem more accurate 
to interpret their results on a quantitative basis. It is undoubtedly true 
that a plant cannot store sufficient boron to maintain normal growth for an 
indefinite period, but this is equally true of other plant nutrients. The con¬ 
clusion of Johnston and Fisher (5) to the effect that the boron in the plant 
cannot be used over again and, therefore, must not be considered in the 
nature of a catalytic agent in plant growth, must be accepted. Their conclu¬ 
sion, however, that boron is fixed in an immobile state in the plant definitely 
does not hold true for the grape. 

Summary 

1. Grape vines grown under minus-boron sand culture nutrition in the 
greenhouse, developed boron deficiency symptoms thirty days after inception 
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of growth. These symptoms were similar to those previously found under 
field conditions. 

2. Boron-deficient vines resumed normal growth within ten days after 
changing to plus-boron nutrition. Normal vines changed to minus-boron 
nutrition continued to grow normally for 25 to 30 days before symptoms of 
the deficiency were apparent. 

3. Only those leaves that were in a meristematic condition at the time of 
development of the deficiency showed deficiency symptoms. The older basal 
leaves on boron deficient vines remained normal in appearance even though 
the terminal leaves exhibited extreme symptoms. 

4. In plus-boron vines the boron content of the leaves ranged from 57 to 
146 p.p.m. and that of the stems from 29 to 41 p.p.m. In minus-boron vines 
the concentration of boron was more or less equalized in all parts of the vines 
at levels of approximately 20 to 25 p.p.m. 

5. Vines changed from plus-boron to minus-boron nutrition showed defi¬ 
nite lowering of the boron content in the lower mature leaves on the shoot to 
a point approaching the boron level of continuous minus-boron vines. Co¬ 
incident with the decrease in boron in the lower leaves was the continued 
growth in length of the shoots for about 30 days after change of nutrition. 

6. A discussion is presented concerning the problem of mobility and 
retranslocation of boron within plant tissues. 

Maryland Agricultural Experiment St\tion 
College Park, Maryland 
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It is noteworthy that the great amount of study devoted to the element 
potassium has revealed but little definite information as to its specific func¬ 
tion in plants. One of the difficulties in assigning a definite role to potas¬ 
sium in plant metabolism is the fact that potassium is not known to occur 
in any definite organic compounds except salts of organic acids and proteins. 

Miller ( 4 ) has reviewed the work on the physiological role of potas¬ 
sium in plants, showing that the literature contains many conflicting re¬ 
ports. There appears to be no agreement on the function of potassium in 
either carbohydrate or protein metabolism. Some investigators, particu¬ 
larly the English workers (3, 9), have emphasized the importance of potas¬ 
sium in the formation of carbohydrates while others (6, 13) have reported 
that a deficiency of potassium results in an accumulation of carbohydrates. 
Nightingale (5) and Wall (13) have summarized the various investiga¬ 
tions on the effect of potassium on nitrogen metabolism and, on the basis of 
their own work as well as that of others, concluded that potassium plays a 
prominent part in protein metabolism although adequate evidence of its 
specific function in such processes has not yet been obtained. 

Potassium deficiency of the tung tree (Aleurites fordii), widespread in 
northern Florida and southern Georgia, is one of the major nutritional prob¬ 
lems of that important tung-growing area (1). Preliminary field trials in 
a 4-year-old orchard have shown that the application of potassium fertilizers 
corrected the symptoms of interveipal chlorosis and necrosis associated with 
potassium deficiency (7). These plots provided an opportunity for investi¬ 
gating the effects of potassium deficiency on the metabolism of the tree, par¬ 
ticularly with regard to oil formation. The effects of a supplementary 
nitrogen treatment were also investigated. 

Materials and methods 

In August 1941, 4-year-old trees were selected in a potassium-deficient 
area near Capps, Florida, rf and grouped on the basis of the severity of potas¬ 
sium-deficiency symptoms so that comparable plots were obtained for each 
treatment (7). Each of the following treatments was applied in the spring 
of 1942 to each of six single-tree plots and was supplementary to a blanket 

1 Soil Technologist, Associate Chemist (resigned), and Associate Plant Physiologist, 
respectively Division of. Fruit and Vegetable Crops and Diseases, Bureau of Plant In¬ 
dustry, Soils, and Agricultural Engineering, Agricultural Research Administration, U. S. 
Department of Agriculture. 
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application of 4 pounds per tree of a 3-6-7 mixed fertilizer: (1) none, (2) 
five pounds of potassium chloride, (3) four poundfe of sodium nitrate, and 
(4) three pounds of potassium nitrate. On each of three sampling dates, 
two composite leaf samples were taken from the trees of each treatment, one 
from replications 1, 2, and 3, and another from replications 4, 5, and 6. In 
compositing the leaf samples, 25 midshoot leaves were taken from each tree, 
thus making a total of 75 leaves per sample. Analogous composite fruit 
samples comprising five fruits from each tree were taken in the same manner 
and at the same time. Both leaf and fruit samples were obtained on June 
26,* August 13, and October 21 to correspond with the respective periods (I) 
just preceding synthesis of oil in the kernels, (II) midpoint of active oil 
formation, and (III) maturation of the kernel, as indicated by previous 
studies (11). 

The composite samples of leaves and of fruit were prepared and the 
analyses made essentially as described by Sell et al. (11) with the modifica¬ 
tions introduced by Gilbert, Sell, and Drosdoff (2). In the latter paper 
the methods are given for determining the various nitrogen fractions. The 
following determinations were made on both the leaf and fruit samples: dry 
matter, reducing sugar, non-reducing sugar, starch, acid-hydrolyzable poly¬ 
saccharides other than starch, potassium, and total insoluble amide, and 
amino nitrogen. As the insoluble nitrogen is largely protein nitrogen, this 
term will be used for convenience in referring to the insoluble nitrogen frac¬ 
tion. In addition, oil in the kernels and the percentage of kernels in the 
whole fruit were determined. 

Results 

Leaves 

Data on leaf composition are given (table I). In all tables each value 
represents the average of the analyses of two composite samples. Since the 
original determinations were made in duplicate, the statistical significance 
of the mean differences between treatments and of the interaction of treat¬ 
ments with the sampling date was determined. Although these data were 
also calculated on a per plant-part basis, the data thus obtained showed no 
important trends other than those indicated by the percentage data. Conse¬ 
quently, the data on the per plant-part basis are not presented here. 

First it should be noted that the potassium content was considerably 
higher throughout the season in the leaves of the potassium-treated trees 
than in those not treated with potassium. These differences had high sta¬ 
tistical significance. Also the nitrogen treatment resulted in a highly sig¬ 
nificant increase in nitrogen content. This shows that fertilizer treatments 
were effective and that the concomitant changes in the organic reserves of 
the plant are associated with increased potassium and nitrogen due to treat¬ 
ment. 

Leaf samples collected in June from the potassium-deficient trees showed 

* Trees treated with 4 pounds of sodium nitrate were not sampled on June 26. 
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* Average of two composite samples, moisture-free basis. 

t All trees received 4 lbs. per tree of a 3-6-7 fertilizer in March supplemented bv the following treatments: Check = no additional fertilizer; 
K = 5 lbs. of KC1; N = 4 lbs. of NaNO,; KN = 3 lbs. of KN0 3 . 



DROSDOFF ET AL.: NITROGEN METABOLISM OF TUNG 


541 


more starch and polysaccharides than those from potassium-fertilized trees. 
No visible deficiency symptoms were apparent at that time. By the August 
sampling date, however, the starch in the check trees had decreased mark¬ 
edly, reaching a level even lower than the earlier level of the potassium- 
treated trees which meanwhile had increased in starch (though this increase 
was not statistically significant). The higher starch content of the potash- 
treated trees in August had high statistical significance. At this time the 
abnormal leaf pattern due to potash deficiency was evident in both the check 
and nitrogen-only treated trees. This coincides with the period when both 
translocation of materials from the leaves to the fruit and oil formation are 
proceeding at a rapid rate. It is noted also that the nitrogen treatments 
effected a highly significant increase in non-reducing sugar at the August 
and October sampling dates. 

Most of the nitrogen in the leaves is present in protein form, the amide 
and amino fractions being present only in small amounts. Tests for am¬ 
monium and nitrate nitrogen were negative. Therefore the nitrogen treat¬ 
ment primarily had increased the protein content of the leaves, although the 
increase in amino nitrogen attained high statistical significance. The potas¬ 
sium treatment is associated with an increased protein content of the leaves 
over the check at the time of the first sampling, but not in the later periods. 

Fruit and its component parts 

Data are presented on the analysis of the kernels (table II). and on the 
analysis of the hulls (table III). These data together with that on the 
analysis of the shells were combined to give the composition of the fruit as 
a whole (table IV). Shells were included with the kernel fraction at the 
first sampling period because of difficulty of mechanical separation at that 
stage. At other periods the shells were removed from the kernels and ana¬ 
lyzed separately. Since composition of the shells was found to be quite 
similar to that of the hulls, data for this fraction are not presented except as 
included in the calculation of the composition of the whole fruit. 

At the time of the first sampling in the latter part of June there was a 
highly significant increase in the percentage of potassium in the fruit, par¬ 
ticularly in the hulls, due to potassium treatment. The nitrogen treatments 
increased the nitrogen content of the fruit, but to a lesser extent. Nitrogen 
treatments also resulted in a highly significant increase in the protein con¬ 
tent of both kernels and hulls and in the amino nitrogen content of the hulls. 
At this date the polysaccharides in the kernels from fruit of potassium-plus- 
nitrogen-treated trees were higher than those from trees receiving other 
treatments. However, the polysaccharide content of the hulls was highest 
in fruit from untreated trees. No significant differences due to treatment 
were found in the other carbohydrate fractions. 

At the time of the August sampling, oil formation was well under way 
and the effect of the potassium treatments on increasing the oil content of 
the kernels and the whole fruit was apparent. The increased percentage of 
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t All trees received 4 lbs. per tree of 8-6-7 fertilizer in March supplemented by the following treatments: Check = no additional fertilizer; K = 5 lbs. of KC 
N=4 lbs. of NaNO,; KN = 3 lbs. of KNO,. 
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oil in the whole fruit resulted from an increase in the percentage of both oil 
in the kernel and of kernel in the fruit. The increased potassium content 
of the hulls (and consequently of the whole fruit) resulting from potassium 
treatment, was even more marked at this stage than at the first sampling. 
Carbohydrate fractions at this time showed no significant differences due to 
treatment. As at the time of the first sampling, protein content of the fruit 
was higher in the nitrogen-treated trees, and this increase had high statis¬ 
tical significance. Other nitrogen fractions showed no consistent differences 
due to treatment. 

The effect of potassium treatments in increasing the oil content of the 
fruit was pronounced at the last sampling date with fully mature fruit. 
The increase in the percentage of oil in the kernels and in the percentage of 
kernels in the whole fruit from trees receiving the potassium treatments was 
highly significant statistically. The nitrogen treatments resulted in a 
highly significant increase in the protein content of both the kernels and the 
hulls and in the amino-nitrogen content of the hulls. Kernels from the un¬ 
treated trees were high in non-reducing sugar which had not been converted 
to oil or protein. The potassium treatment without nitrogen lowered the 
sucrose content and increased the oil in the kernels but not the protein, in 
comparison with the cheek treatment. The nitrogen-alone treatment, on the 
other hand, did not significantly affect the oil content of the kernels but in¬ 
creased the amount of protein present, thus accounting for the lower sucrose 
content in comparison with the kernels from the check treatment. The 
potassium-plus-nitrogen treatment produced kernels with high oil, high 
protein, and low sucrose content. 

The potassium treatments markedly increased the potassium content of 
the hulls but not of the kernels. Actually there was a trend toward a lower 
potassium content in the kernels as a result of potassium treatment, but this 
decrease did not attain statistical significance. 

Discussion 

The pronounced effect of potassium deficiency on the composition of tung 
fruit is the most striking observation in this investigation. The effect was 
clearly evidenced by the middle of August when oil formation was well 
under way. At that time the potassium-treated trees showed a higher per¬ 
centage of oil in the kernel and a higher percentage of kernel than did the 
check trees. No significant differences in carbohydrate content were asso¬ 
ciated with any treatments at this stage. In the mature fruit, however, the 
kernels from the check trees showed an accumulation of sucrose, and this 
was associated with a lower oil content compared to that of the potassium- 
treated trees. 

Since it has been shown that sucrose (10) is the most important carbo¬ 
hydrate reserve utilized in oil formation in mature tung kernels (11), it is 
logical to assume that this constituent may be considered as the storage form 
alternate to the oil and protein in the seed, accumulating when formation 
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of the other two reserves is checked. This suggests that potassium may 
function in the process of conversion of sugar into oil. The nitrogen-alone 
treatment has also resulted in a lower sucrose content than the check treat¬ 
ment, but this was associated with an increased amount of protein, the oil 
content remaining about the same. Other more extensive experiments with 
nitrogen fertilization of tung trees (8,12) have shown that there is actually 
a decrease in the percentage of oil in the kernel with increased nitrogen fer¬ 
tilization, resulting in kernels with relatively high protein content. 

In addition to effecting an increase in the oil content of the kernel, the 
potassium treatment has also resulted in an increased percentage of kernel 
in the whole fruit in comparison with the check trees, thereby substantially 
increasing the oil content of the whole fruit. These data are in agreement 
with the findings of other investigators (8) and the results of a number of 
other experiments being conducted at the tung laboratories of the Bureau of 
Plant Industry, Soils, and Agricultural Engineering of the U. S. Depart¬ 
ment of Agriculture. 

With reference to the data on the leaves it would appear that potassium 
deficiency shows two stages. The early stage (June sampling), at which no 
symptoms are apparent, is characterized by an accumulation of starch and 
polysaccharides in the leaves. At the late stage (August sampling), starch 
tends to disappear from the leaves of potassium-deficient trees to a greater 
extent than from the leaves of the potassium-treated trees. At this time 
there is a rapid translocation of materials from leaves to fruit. This physio¬ 
logical pattern of potassium effects is similar to that found in other plants 
(5, 14). 

Summary 

During the growing season the composition of leaves and fruit of 4-year- 
old tung trees low in nitrogen and potassium was compared with that of 
trees fertilized with these two elements. Prom these data the following con¬ 
clusions have been drawn: 

1. The leaf data indicate that potassium-deficient trees show two stages; 
early in the season starch and polysaccharides accumulate, while later in the 
season they tend to disappear to a greater extent than from potassium- 
treated trees. 

2. i’ruit from potassium-treated trees had a higher oil content than fruit 
from untreated trees, due both to a higher percentage of oil in the kernel 
and to a higher percentage* of kernel. The low oil content and the accum¬ 
ulation of sucrose in kernels of potassium-deficient trees suggest that potas¬ 
sium nfty function in the process of conversion of sugar into oil. 

3. Fruit from nitrogen-treated trees had a higher percentage of kernel 
and a higher protein content in the kernel than fruit from untreated trees. 

University Station 

Gainesville, Florida 
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The importance of garden peas in the diet of the population of this 
country is evidenced by the increasing volume of peas that are commercially 
canned and frozen each year. The widespread growing of peas for home 
use is an additional factor making the study of their nutritive value all the 
more important. 

It has been shown that peas can supply a considerable portion of some 
of the vitamins in the diet. Fincke et ah (3) pointed out that the thiamine 
values for 19 varieties ranged from 2 micrograms per gram, on the fresh 
weight basis, for Laxton’s Progress to 7.1 micrograms per gram for World 
Record. In a study involving six varieties Pepkowitz et at. (8) found 
statistically significant differences between varieties for content of carotene 
and of ascorbic acid, but the magnitude of these differences was very small 
in comparison with other reports for thiamine content. Scott and Belken- 
gren (10) have shown that the carotene content in peas varied greatly, the 
highest value being over four times the lowest when approximately 78 
strains were compared; and that the greatest ascorbic acid content was 2.7 
times the lowest. However, in some instances these reported values must 
be assumed to have been based on a single determination and in other cases 
varieties harvested in different years or different locations have been com¬ 
pared for varietal variation. 

In the present study a number of varieties and strains of peas were grown 
under as nearly identical field conditions as possible over a period of several 
years and the variations in vitamin content studied in detail. 

Methods 

The peas were grown at Charleston, South Carolina in 32-foot rows, 
randomized blocks, or in a simple lattice with 2 to 4 replications. Approxi¬ 
mately one pound of pods was picked at random along the entire length of 
the row. The peas were brought into the laboratory, shelled, and suitable 
samples were weighed foruthe various analyses. 

Ascorbic acid was determined according to the method described by 
Heinze et ai . (4). Twentyfive-gram samples were extracted with 1% 
meta-phosphoric acid and the reduction of 2,6-dichlorophenolindophenol dye 
was determined with an Evelyn photoelectric colorimeter. 

Thiamina was determined by a modification of Conner and Straub's 
(1) thiocnrome procedure. Forty grams of fresh peas were blended with 
approximately 100 ml. of 0.04 N H 2 S0 4 in the small-sized Waring blender 
container. The mixture was quantitatively transferred to a 250-ml. pyrex 
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volumetric flask with additional 0.04 N HjS 0 4 and, heated in a boiling water 
bath for 30 minutes. The contents of the flasks were stirred by rotating 
the flasks every 5 to 10 minutes during the heating period. The flasks were 
cooled to approximately 40° C. and sufficient sodium acetate-acetic acid 
buffer was added to bring the contents to pH 4.5 ± 0.1. Enough taka- 
diastase, papain, and Pectinol enzymes were added to the buffer so that the 
aliquot of buffer placed in each flask would contain 0.1 gm. of each enzyme. 
The solutions were incubated in a water bath over night (16 hours) at 40° 
C., made to volume, and filtered. Aliquots of the filtrate were run through 
the Decalso columns at room temperature and the analysis completed as 
described by Conner and Straub. 

Riboflavin determinations for the 1943 and 1944 harvests were made on 
the filtrate of the enzyme digest according to the method of Mackinney and 
Sitgihara (7). In 1945 the determinations were made directly on the fil¬ 
trate, as described by Peterson ct al. (9). The Coleman Model 12 photo- 
fluorometer was used for reading the final solutions for the thiamine and 
riboflavin determinations. 

Carotene analyses were made as described by Wall and Kelley (12), 
with some modifications. Instead of adding 100 ml. of 5% sodium sulfate 
solution during the phasic separation, 100 ml. of 30% KOH was introduced. 
The KOH broke the emulsions much more rapidly, produced a sharper inter¬ 
face, and also removed nearly all of the chlorophyll through saponification. 
The final solution was read in an Evelyn photoelectric colorimeter with 
filter #440. 

Moisture determinations were made by drying approximately 30 gm. to 
constant weight in a forced-draft rapid-drying oven at 70° C. 

Results 

Ascorbic acid content op peas 

In 1942 thirty-three varieties or strains of peas were grown in a ran¬ 
domized block experiment in two replicates. The varieties were harvested 
at weekly intervals on three different dates in April, making a total of 6 
analyses for each variety. Varietal means for ascorbic acid content ranged 
from 29.0 to 44.4 mg. per 100 grams, on a fresh weight basis, and the differ¬ 
ences required for significance were 4.2 rag. and 5.7 mg. at the 5% and 1% 
levels, respectively. Some of these varieties and strains were also analyzd 
in 1944 and 1945. Data for the ascorbic acid content of these 18 varieties 
and strains of peas in 3 different years are presented in table I. 

The effect of size and maturity on vitamin content 

In May, 1943 eight varieties of peas were harvested on the same day. 
The shelled peas from all varieties were in prime condition for eating. 
Screens were used to divide the peas of each variety into three approximately 
equal lots according to size, small, medium, and large. Various degrees of 
maturity or stages of development were represented in the three size lots 
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from each variety. Different screens were used to separate the three lots 
for the naturally small-seeded varieties, Willet’s Wonder and Creole, than 
were used for the large-seeded varieties such as Progress. All lots of each 
variety were analyzed for ascorbic acid, thiamine, riboflavin, and moisture 
content. 

In table II means on a fresh and dry weight basis are given for each of 
the three size lots of peas for all varieties combined. The dry matter con¬ 
tents for the small, medium and large size lots averaged 20.8, 25.6 and 30.5% 
respectively. On a fresh weight basis significant differences were found 


TABLE I 

Ascorbic acid content or peas in different years 


Variety or strain* 

Mo./l 00 GM., FRESH WEIGHT BASIS 

1942 

1944 

1945 

Alah 

40.7 

37.4 


Hundredfold 

35.2 

34.6 

29.9 

Progress 

34.7 

36.2 

| 42.6 

Progress x Giant Stride 

i 



762A 

36.4 

41.6 

36.2 

899 

36.4 

39.6 

33.4 

770-5 

35.0 

41.1 


900 

37.1 

37.3 


298-6R-3 

29.0 

34.2 


898 


32.6 

33.3 

Progress x Kent Alderman 




591-3-1-1 

30.7 

35.9 

32.9 

902 

37.6 

41.7 


Progress x World Record 




557-1-13 

31.2 

36.5 

28.4 

772B 

34.2 


31.9 

Little Marvel x (Thomas Laxton x Phenomenon) 




911 

36.9 

36.2 

32.3 

781-2B 

30.9 

33.3 

32.4 

910 

i 

31.0 

34.0 

Little Marvel x World Record 775-1B 

31.5 

33.5 


Phenomenon x Thomas Laxton 318-3B 

32.6 


30.7 

L.S.D. 5% 

4.2 

6.5 

3.3 

1% 

5.7 

8.6 

4.4 


* Numbers represent same strains throughout paper. 


between the several lots in both thiamine and ascorbic acid contents, the 
small size lot averaging the highest ascorbic acid content and the large, the 
highest thiamine content. No significant variation occurred in the amount 
of riboflavin present although there was a slight trend toward a decreasing 
amount with increasing maturity. This trend in riboflavin content is 
brought out more clearly in the figures based on dry weight where a highly 
significant difference exists among the three sizes. On a dry weight basis 
both the riboflavin and ascorbic acid contents rapidly decreased as the peas 
matured,. The observed decrease in ascorbic acid content of peas as they 
mature lias been noted by other workers (2, 5, 6, 8). The thiamine content 
increased as the dry matter content increased, thus minimizing the differ- 
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ences between lots for thiamine on the dry weight basis. There was no 
significant difference in thiamine content between the medium and large 
size lots on a dry weight basis, but both were significantly lower in thiamine 
than the small size lot. Lee and Whitcombs (5) have also found that thia¬ 
mine expressed on a fresh weight basis increased with increasing tenderom- 
eter readings but remained relatively constant, with the exception of the 
most mature lot, when expressed on a dry weight basis. 

The eight varieties of peas analyzed were of different seed types: Willet’s 
Wonder and Creole represented small-seeded types; Progress and several 
breeding lines, large-seeded types; while Wando and strain 802-2 were 
intermediate in seed type. On a fresh weight basis the mean value for 


TABLE II 

The relation of size and percentage dry matter to the vitamin 

CONTENT OF GARDEN PEAS* 



Ascorbic 

acid 

Thiamine 

Riboflavin 

Dry matter 

Fresh weight basis 


mg./100 gm. 

meg./100 gm. 

meg./100 gm. 

% 

Small 

41.7 

287 

131 

20.8 

Medium 

33.0 

309 

122 

25.6 

Large 

24.7 

358 

111 

30.5 

L.S.D. 5% 

2.9 

33 


2.8 

i% 

4.0 

45 


3.9 


Dry weight basis 



mg./gm. 

meg./gm. 

meg./gm . 

Small 

2.01 

13.72 

6.34 

Medium 

1.32 

11.84 

4.90 

Large 

0.83 

11.60 

3.69 

L.8.D. 5% 

0.18 

1.11 

0.82 

1% 

0.26 

1.54 

1.13 


* Means of 8 varieties analyzed. 


ascorbic acid for all lots from the small-seeded varieties was 34.9 mg. per 
100 grams; the intermediate varieties, 34.0; and the large-seeded varieties, 
30.4. On a dry weight basis the mean ascorbic acid contents were 1.29,1.55, 
and 1.34 mg. per gram, respectively. Because of a higher percentage of dry 
matter in the small-seeded varieties the slightly higher ascorbic acid value 
on the fresh weight basis disappeared when the values were expressed on 
a dry weight basis. Thiamine content appeared to be unrelated to seed type 
of the different varieties. The highest and the lowest variety means for 
thiamine content both occurred in the large-seeded types. Riboflavin con¬ 
tent does not appear to be related to the seed type although Willet’s Wonder, 
a small seeded variety, averaged the highest riboflavin content. 


General survey tor thiamine, riboflavin, and ascorbic acid content 
In 1943 a survey was made on over 100 varieties or strains for general 
information concerning the range of content of the three vitamins, thiamine, 
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riboflavin, and ascorbic acid. These data are given in table III. The 
strains selected from the various crosses were developed by single-plant 
selections for 4 to 10 generations and many had been carried through addi- 

TABLE III 

Vitamin content op varieties and strains op peas on fresh weight basis. 

Survey 1943 


Variety or 

Samples or 

Thiamine 

Riboflavin 

Ascorbic 

Dry 

cross 

strains 

acid 

weight 


Number 

meg./100 gm. 

mcg./lOO gm. 

mg./lOO gm. 

% 

Crt ole . 

2 


328 

119 

35.0 

25.8 

Gilbo . 

2 


285 

94 

28.6 

25.6 

Glacier . 

1 


183 

97 

29.3 

22.4 

Hundredfold . 

3 


268 

95 

25.7 

22.6 

Papago . 

1 


309 

112 

36.9 

26.7 

Perfection . 

2 


341 

82 

32.2 

27.0 

Perfectah A. 

2 


246 

99 

36.8 

24.2 

Perfectah B . 

3 


338 

91 

31.2 

23.5 

Perfectah, Early. 

2 


292 

90 

30.3 

23.6 

Phenomenon . 

1 


477 

105 

27.6 

25.2 

Progress . 

2 


108 

103 

24.8 

22.8 

Progress* . 

2 


303 

84 

34.4 

23.5 

Stratah . 

1 


357 

99 

25.8 

22.5 

Wando . 

4 


285 

102 

32.2 

23.4 

Walah . 

2 


330 

92 

24.3 

26.1 

Willet’s Wonder . 

5 


336 

131 

39.7 

29.2 

Progress x Giant 
Stride . 

40 | 

i range 

91-382 

78-119 

21-43 

19-30 

mean 

210 

93 

30.8 

22.7 

Progress x Kent 
Alderman . 

9 i 

i range 
mean 

235-316 

271 

76-99 

92 

25-35 

31.6 

20-27 

22.3 

Progress x Perfec¬ 
tion . 

A j 

[ range 

236-309 

97-112 

31-39 

21-23 

4 i 

1 mean 

276 

106 

35.8 

21.6 

Progress x World 
Record . 

A J 

1 range 

144-234 

95-112 

25-32 

20-25 

4 i 

1 mean 

194 

106 

27.2 

21.9 

Little Marvel x 







Wisconsin Early 
Sweet. 

aJ 

[ range 

242-323 

78-93 

28-31 

26-27 

4 i 

j mean 

291 

86 

29.0 

26.0 

Little Marvel x 
World Becord . 

7 I 

[ range 

1 mean 

221-323 

271 

76-99 

92 

28-34 

31.6 

20-27 

22.3 

Little Marvel x 







(Thomas L&xton 
x Phenomenon) ... 

ei 

i 

[ range 
j mean 

257-309 

286 

76-99 

90 

27-32 

29.1 

23-26 

23.9 

Giant Stride x 







Sutton’s Excel¬ 
sior . 

„ 1 

( range 

366-420 

97-101 

20-21 

22-26 

6 1 

f mean 

393 

99 

20.5 

23.9 

Giant Stride x 







World Becord . 

1 


273 

84 

32.5 

21.5 


* Derived from Progress crosses and now sold as Progress. 


tionah generations as bulk lines. It was found that the greatest range oc- 
curret in the thiamine content, with some varieties giving indications of 
having 3 to 4 times the quantity of others. The ranges in riboflavin and 
ascorbic acid content were much smaller than for thiamine; but the two were 
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of nearly the same relative magnitude, the highest value being approximately 
twice the lowest value for each vitamin. ' 

The thiamine content of the 40 strains from the cross Progress x Giant 
Stride ranged from 91 to 382 micrograms per 100 grams on the fresh weight 
basis. This indicated a considerable segregation for thiamine content. The 
Progress parent used in these crosses gave a mean value of 108 micrograms. 
Giant Stride does not thrive under field conditions at Charleston, hence no 
comparable values could be given but reports in the literature indicate that 
it ranks high in thiamine content. The two strains from Giant Stride x Sut¬ 
ton’s Excelsior were very high in thiamine but were the lowest in ascorbic 
acid of any of the strains analyzed. The Progress x Perfection crosses gave 
the highest values for ascorbic acid. The range in riboflavin content among 
the breeding strains was less than that for ascorbic acid, but the variety 
Willet’s Wonder contained much more than any of the breeding strains. On 
a fresh weight basis the three small-seeded varieties, Creole, Papago, and 
Willet’s Wonder, had a higher mean ascorbic acid content, 37.2 mg. per 100 
grams, than the intermediate types, such as Perfection, the Perfectahs, and 
Wando with a mean value of 32.5, or the large-seeded varieties with 27.6 mg. 
per 100 grams. Again these differences in favor of the small-seeded types 
disappeared when the ascorbic acid values were calculated on a dry weight 
basis. In this survey work the small-seeded types had slightly higher ribo¬ 
flavin values than the other types when expressed on the fresh weight basis. 

Detailed studies on thiamine, ascorbic acid, carotene, and riboflavin 

CONTENT 

In 1944 two experiments were designed to study in detail the thiamine, 
ascorbic acid, carotene, and riboflavin content of 34 varieties or strains. In 
the first experiment 22 of the earlier-maturing varieties were used. Six 
harvests were made over a period of 24 days, with 4 harvests of any one 
variety extending over 9 or 10 days. There was such a large variation-asso¬ 
ciated with the wide-spread dates of harvest within single varieties, or 
groups harvested alike, that varietal differences were obscured in the com¬ 
bined harvest data. It was found that the first harvest of the earlier va¬ 
rieties and the last harvest of the later ones were distinctly not typical of 
the other three harvests of the respective varieties. By dropping the data 
of these atypical harvests and using only the three typical harvests of each 
variety, the spread of the harvest dates is reduced to 11 days and no ab¬ 
normal material is included in the variety data. The means for the three 
harvests are given in table IV. When the data from these three harvests 
were analyzed statistically as randomized blocks there was no significant 
harvest-to-harvest variation except for riboflavin content. Each harvest 
came from a different field replicate, which caused a confounding of harvests 
with field replicates. Since the three harvests were not significantly differ¬ 
ent it may be assumed that field replicates had very little influence on the 
variation. The lack of influence of field replicates is brought out more 
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clearly in the experiment with the later varieties. The F values for varie¬ 
ties in the early-maturing group were significant at the 1% level for thia¬ 
mine and carotene and at the 5% level for ascorbic acid and riboflavin. 

Six strains from the Progress x Giant Stride cross were represented in 
this experiment. The range in thiamine content was from 116 to 352 micro¬ 
grams per 100 gm., strains 899 and 900 having the highest values. These 

TABLE IV 

Vitamin content of 22 early varieties or strains of peas. Average of 3 harvests. 

Fresh weight basis. 1944 


Variety or strain 

Thiamine 

Ribo¬ 

flavin 

Ascorbic 
a cib 

Carotene 

Dry 

weight 


mcg./lOO 

gm. 

mcg./lOO 

gm. 

mg./lOO 

ffm. 

mcg./lOO 

gm. 

% 

Alah 

275 

100 

37.4 

560 

26.8 

Glacier 

260 

92 

34.3 

406 

20.7 

Hundrefold 

321 

91 

34.6 

471 

19.5 

Progress 

129 

86 

36.2 

474 

21.4 

Progress x Giant Stride 





20.8 

298-6B-3 

116 

87 

34.2 

455 

762A 

221 

94 

41.6 

488 

22.6 

763-1-1 

308 

95 

35.0 

478 

19.3 

770-5-1 

155 

93 

41.1 

451 

20.1 

899 

314 

109 

39.6 

475 

19.6 

900 

352 

104 

37.3 

451 

19.6 

Little Marvel x World Record 






775-1-B-l 

310 

107 

33.5 

492 

21.0 

776-1B 

209 

101 

38.4 

477 

21.0 

777-1B 

241 

96 

35.7 

475 

20.9 

779B-1-1 

283 

96 

35.0 

454 

21.4 

Little Marvel x (Thomas Lax- 
ton x Phenomenon) 





22.8 

781-2B 

316 

99 

33.3 

383 

910 

322 

93 

31.0 

396 

24.1 

911 

303 

117 

36.2 

425 

22.5 

Progress x Kent Alderman 






591-3-1-1-1 

325 

78 

35.9 

461 

21.1 

902 

370 

98 

41.7 

468 

18.7 

Progress x World Record 






557-1-13 

250 

83 

36.5 

450 

21.2 

Phenomenon x World Record 






787 

320 

89 

29.8 

454 

21.7 

1-17* 

328 

91 

40.0 

444 

19.9 

L.S.D. 5% 

69 

17 

6.5 

43 

2.2 

1% 

93 

23 

8.6 

57 

2.9 


* Uncertain pedigree. 

two strains were among 1 the highest of the 40 strains from this cross analj zed 
in 1943. Strain 298-6B-3 had the low value of 116 mcg./lOO gm. in this 
experiment. In 1943 the same strain had for 3 analyses a mean content of 
93 micrograms per 100 gm. The Progress parent was again very low in 
thiamine content. Strains 781-2B, 910, and 911 from the cross Little Mar¬ 
vel x, ^Thomas Laxton x Phenomenon) gave relatively high values for thia¬ 
mine. In 1943 strains from the same cross had a mean thiamine content 
greater than all but two other crosses. 
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As in 1943 the range in riboflavin content was much less than that for 
thiamine. Very few significant differences occurred among the strains. 

The high value of 41.7 mg. per 100 gm. for the ascorbic acid content of 
strain 902 corresponded to a high of 35 mg. in the 1943 when it was the 
highest in rank among the 9 strains from the Progress x Kent Alderman 
cross. 

The first data for carotene content in the present study are given in 
table IV. Although the range in carotene content was not as great as that 
for other vitamins a highly significant varietal or strain difference was 
found. This difference was not found between the strains within a cross; 
but highly significant differences were found between the strains of dif¬ 
ferent crosses. For instance, the strains from the Little Marvel x (Thomas 

TABLE V 

Vitamin content op 12 late varieties or strains op peas. Average op 4 analyses, 

FRESH WEIGHT BASIS. 1944 


Variety or 
strain 

Thiamine 

Riboflavin 

Ascorbic 

acid 

Carotene 

Dry 

WEIGHT 


meg./100 gm. 

meg./100 gm. 

mg./lOO gm. 

meg./100 gm. 

% 

Creole . 

304 

97 

37.0 

408 

21.5 

Miracle . 

438 

98 

36.4 

714 

21.3 

Morse Market. 

341 

84 

31.1 

462 

23.4 

Perfection . 

338 

96 

36.4 

390 

21.8 

Perfectah . 

341 

97 

34.8 

406 

22.5 

Perfectah, Early . 

349 

89 

29.6 

406 

21.8 

Walah . 

328 

88 

28.2 

338 

20.8 

Wando . 

345 

96 

33.4 

530 

22.4 

Willet’s Wonder . 

305 

117 

45.7 

522 

24.4 

1-12* . 

447 

81 

19.8 

430 

26.6 

1-19* . 

188 

89 

21.3 

471 

27.0 

903 (Giant Stride x 
Progress) . 

407 

79 

22.9 

453 

23.7 

L.S.D. 5% . 

44 

9 

5.0 

71 

2.7 

1% . 

62 

12 

7.1 

100 

3.8 


* Uncertain pedigree. 


Laxton x Phenomenon) cross are all much lower in carotene than those from 
the cross Little Marvel x World Record. Highly significant differences in 
carotene content were found among the four commercial varieties. 

The second group of 12 later-maturing varieties (table V) were grown 
in randomized blocks in two field replicates, and two harvests were made 
from each replicate. All varieties from both replicates were harvested on the 
same day. The data were analyzed in a split plot- design with replicates 
and varieties constituting the first split and with harvests and harvests x va¬ 
rieties the second split. All F values for replicates were non-significant. 

The F values were significant at the 1% level for varieties for all vita¬ 
mins, and for harvests for all vitamins except riboflavin. Table V gives the 
average values on the fresh weight basis. When the data from both groups 
of varieties were analyzed on the dry weight basis the F values were also 
significant for varieties for all vitamins. 
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Among the commercial varieties in this group Miracle stands out as the 
highest in both thiamine and carotene content. The strains 1-12 and 903 



Fig. 1 . Vitamin content of 24 varieties or strains of peas, 1945 experiment. 


Pedigree Of strain numbers 
Cross Strain numbers 

Little Marvel x (Thomas Laxton x Phenomenon) 909, 910, 911, and 781-2B 


Progress x Kent Alderman 
Progress x Giant Stride 

Progress x World Becorg 
Giant Stride x World Becord 
Giant Stride x Sutton’s Excelsior 
phenomenon x Thomas Laxton 


591-3-1-1, 931, 933, and 936 
762A, 762-2BA, 762-7, 898, 
899, and 957 
557-1-13, and 772B 
958 
914 

318-3B-1 


The varieties having values above the solid horizontal lines are statistically signifi¬ 
cantly higher than those values appearing below the dotted lines. 

were also high in thiamine content, while most of the other varieties have 
more of a medium range of values with the exception of the very low value 
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for strain 1-19. Willet’s Wonder contained significantly more ascorbic acid 
and riboflavin than any other variety. This is consistent with its perform¬ 
ance in 1943, when it also ranked the highest among the commercial varieties 
in these two vitamins. 

In 1945 a simple lattice containing 25 varieties or strains and four repli¬ 
cates was used to give information on vitamin content as well as yield data. 
The individual varieties were harvested in April as they matured. All 
replicates of a variety were harvested on the same day. There was some 
difference in spread of the harvesting period for the several varieties due 
to slight differences in maturation rate. However, all harvests were con- 
pleted within 12 days. The data were analyzed as randomized blocks ex¬ 
cept in the case of thiamine where the simple lattice design gave a sufficient 
gain in precision to warrant the use of values adjusted for block effect. One 
strain failed to produce enough to complete all analyses so it was omitted 
from the results presented in figure 1. 

The varieties in figure 1 are arranged in a descending order according to 
their thiamine content. The division of the plotted values into three groups 
each for thiamine, for carotene, and for ascorbic acid content shows that a 
considerable number of varieties are significantly higher than others. If 
these same values are plotted on a dry weight basis for thiamine content 
several varieties change their relative ranking within groups, but there is 
only one exchange of varieties between groups and that occurs between the 
highest and intermediate. 

The three strains 909, 781-2B, and 910, all derived from a cross involving 
Little Marvel x (Thomas Laxton x Phenomenon) ranked highest in thiamine 
content. These same strains were among the higher-ranking strains in an 
earlier experiment, table IV. 

The strain 914 from the Giant Stride x Sutton’s Excelsior cross ranked 
very high in thiamine content and quite low in ascorbic acid, just as it did 
in the 1943 survey data. It also gave quite a low carotene value in 1945. 

Strains 936, 933, and 931 from the Progress x Kent Alderman cross are 
of interest. All three were medium to moderately high in thiamine con¬ 
tent and the first two were definitely high in ascorbic acid content. Strain 
936 appears to have combined in it the factors for relatively high thiamine, 
carotene, and ascorbic acid content along with an average amount of ribo¬ 
flavin. This strain is of particular interest in a program of breeding for 
higher vitamin content in peas. 


Discussion 

Statistically significant varietal differences were found in thiamine, ribo¬ 
flavin, ascorbic acid, and carotene content of peas over a period of several 
years. It is of interest to compare the nutritional significances of these dif¬ 
ferences. Using the data from the 1945 experiment and basing the daily 
allowances on those recommended by the National Research Council (1945), 
100 gm. of the fresh, uncooked peas from the lowest-ranking varieties would 
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supply 4£% to 5% of the thiamine, 6% to 7% of riboflavin, about 14% of 
the carotene, and 37% to 40% of the ascorbic acid of an adult’s daily re¬ 
quirement. In contrast, 100 gm. of the higher-ranking varieties would 
supply from 30% to 35% of the thiamine, 7% to 8£% of the riboflavin, 
about 19% of the carotene, and from 56% to 60% of the ascorbic acid. The 
proportions of the daily requirements actually supplied by these varieties 
when cooked will depend on losses in cooking. With the best available methods 
losses can be negligible, but under less favorable cooking conditions they 
may run as high as 30% of the thiamine and 60% or more of the ascorbic 
acid. It is readily seen that, from the nutritional standpoint, the consider- 



Fig. 2. Thiamine content of 10 varieties or strains of peas for a three-year period. 


able variety variation in thiamine content is much more important than the 
relatively moderate variations in the other vitamins. 

It should be pointed out that the varieties or strains represented in the 
1945 experiment were all medium- or large-seeded types. If some of the 
small-seeded varieties such as Willet’s Wonder could have been included in 
this study the nutritional significance of the varietal variation for ascorbic 
acid and riboflavin content might have been increased considerably. The 
difference in the time required for varieties of widely differing types to 
mature makes it difficult to compare any large number of varieties unless 
they are planted at different dates so as to bring them to the harvesting stage 
at approximately the same time. The early experiments in this study 
emphasized that the varieties being compared must be harvested over a rela¬ 
tively short period of time. 
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Ascorbic acid is the vitamin most easily lost or destroyed during cooking 
and preparation of the peas for serving. While the ascorbic acid content 
shows considerable varietal variation, the significance of this from a nutri¬ 
tional standpoint is thus much reduced. However, peas are generally con¬ 
sidered a fair source of vitamin C. 

The relative ranking of a few of the varieties over a period of years indi¬ 
cates that some varieties are quite consistent in their response insofar as 
thiamine content is concerned (fig. 2). Progress definitely ranked below 
any of the other varieties or strains in this group in each of the three years, 
and the breeding lines 899, 781-2B, and 910 were always high in thiamine 
content. Table I shows the ascorbic acid content of a number of varieties 
or strains over a period of two or more years. Although uniformity for 
ascorbic acid content from year to year is much less than for thiamine, some 
trends can be observed. If the eight varieties or strains for which three 
years’ data are given are considered it will be noted that strain 762A ranked 
either highest or second highest in all three years. Likewise strain 781-2B 
was found to be near the bottom in ascorbic acid content over the three-year 
period. Among the strains for which only two years’ data are given, 902 
ranked the highest and the small-seeded variety Alah was second. Strain 
902 also showed a relatively high thiamine content in 1944. 

Correlation studies were made on the 1944 and 1945 data in an attempt 
to determine if any relationship existed between the quantities of each of 
the four vitamins present. In all experiments a negative correlation coeffi¬ 
cient was obtained for ascorbic acid and thiamine content on the fresh weight 
basis, but the coefficient never approached a significance level in these studies. 

There is a significant but not very important positive correlation between 
ascorbic acid and carotene content on the fresh weight basis. Correlation 
coefficients of 0.293 and 0.265 (significant at the five % level) were obtained 
for ascorbic acid and carotene content in the 1944 and 1945 data, respec¬ 
tively. Correlations involving all other vitamins were erratic from experi¬ 
ment to experiment and from year to year and very few of the coefficients 
approached a significance level. 

In considering these strains as possible horticultural varieties it is of 
some importance to note their response in cold-hardiness tests. Wade ( 11 ) 
has shown that the strains 910, 898, and 899 included in this vitamin study 
were better than or equal to Progress in frost tolerance. 

Summary 

A number of varieties and breeding strains of garden peas have been 
analyzed for thiamine, riboflavin, ascorbic acid, and carotene content over 
a period of several years. Highly significant varietal differences have been 
found for all four vitamins. 

The seed size, or stage of maturity, of the peas was found to have a sig¬ 
nificant effect on the vitamin content. On the fresh weight basis ascorbic 
acid decreased and thiamine progressively increased with increase in the 
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size of peas. On the dry weight basis the ascorbic acid and the riboflavin 
content decreased rapidly and thiamine remained nearly constant as the 
peas became more mature. 

Correlation studies showed a slight significant positive correlation be¬ 
tween ascorbic acid and carotene content. No significant relationship was 
found between the other vitamins. 

The differences in thiamine content among pea varieties and breeding 
lines are large enough to be of real importance in an ordinary diet. Since 
thiamine content is found to be relatively consistent from year to year among 
varieties, it clearly merits attention in any breeding work designed to 
improve the nutritive value of peas. 

IT. S. Regional Vegetable Breeding Laboratory 
Charleston, South Carolina 
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THE EFFECT OF AIR SUPPLY ON APPARENT PHOTOSYNTHESIS 


John P. Decker 

(with six figures) 

.Received March 28, 1947 

It lias been recognized for a long time that the rate of absorption of C0 2 
by a green plant shoot or leaf enclosed in a vessel is affected by the rate at 
which air is supplied. Much attention has been given to the problem of 
maintaining a “normal” air supply; that is, a C0 2 supply comparable to that 
found under natural conditions. The early literature was reviewed and dis¬ 
cussed by Heinicke and Hoffman (5), who presented results showing that 
the rate of photosynthesis was below normal when the air supply was less 
than approximately two liters per hour per square centimeter of leaf area. 
Verduin and Loomis (9) presented results from which they concluded that 
photosynthesis of corn leaves “was affected surprisingly little” by 70 r /o 
depletion of the C0 2 within the leaf chambers. 

Brown and Escombe (1) presented results which they interpreted as 
indicating an approximate proportionality between the rate of apparent 
photosynthesis and the mean C0 2 concentration. They pointed out that “in 
all cases where the illumination of the leaf was good, although the amount 
of intake of C0 2 into the leaf was approximately proportional to the in¬ 
creased partial pressure, the photosynthetic work was always somewhat in 
excess of what might be expected from the increased amount of C0 2 .” They 
were obviously expecting strict proportionality and had overlooked some of 
the following facts. Proportionality implies a linear relationship. General 
linear relationship is described by the equation v = a t-bx; but strict propor¬ 
tionality exists only when a = 0 and y = bx. Apparent photosynthesis be¬ 
comes zero at a measurable C0 2 concentration (the compensation point); 
therefore a^ 0, and strict proportionality cannot exist. 

The data of Brown and Escombe actually contain very little information 
concerning the real relationship between photosynthesis and C0 2 concen¬ 
tration. They made only two observations on each plant, one at high C0 2 
concentration and one at low concentration. Thus only two points were 
established for each plant, and a linear function can be derived from any 
two points whether established experimentally or selected at random. Fur¬ 
ther, a variety of functions other than linear can be fitted to any two points, 
for example, y = ax", y = a + 1/x. 

Data presented by Deneke ( 4 ) indicated that the rate of photosynthesis 
increased with the velocity of air over the leaves and apparently approached 
a maximum limit at an air velocity of approximately 100 meters per minute. 
He circulated air over a plant in a closed system and measured the time 
required for a certain reduction of C0 2 content. One set of data, his figure 
8, is reproduced here as figure 1. This and similar curves suggested to 

5«1 
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FIG. 1. Effect of air velocity on time required for a constant amount of apparent 
photosynthesis. Redrawn from Deneke (4). 


Deneke that increasing velocity above 100 meters per minute would proba¬ 
bly result in no further increase in the photosynthetic rate. However, it 
should be noted that rate is the reciprocal of time; that is, R = K/T where R 



, Fig. 2. Effect of air velocity on apparent photosynthesis. Recalculated from data 
of Deneke (4). 
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is the rate of photosynthesis, and T is the time required for the absorption 
of a constant amount of C0 2 , K. When photosynthetic rates were calculated 
from Deneke’s data they were found to describe a nearly straight line in 
relation to air velocity as shown in figure 2. Deneke plotted T, the recipro¬ 
cal of R, and the resulting curve was hyperbolic, of course. What he has 
interpreted as the flattening of the curve at high velocity is merely the nor¬ 
mal shape of a hyperbolic curve. 

Heinicke and Hoffman (5) presented results which they interpreted as 
showing that the rate of photosynthesis declined more rapidly than the mean 
C0 2 concentration at very low rates of air supply. This implies a curvilinear 
relationship between rate of photosynthesis and mean C0 2 concentration. 
Values for mean C0 2 concentration were calculated from the data in their 
table 4 using the method they described, and photosynthesis was plotted over 



MEAN CONC CO* , V. OF INITIAL CONC 

Fig. 3. Effect of CO, concentration on apparent photosynthesis. Data of Heinicke 
and Hoffm\n (5). 

mean C0 2 concentration as shown in figure 3. When the whole array is con¬ 
sidered, a non-linear curve is suggested. It appears possible, however, that 
the array is composed of two sets of data describing two straight lines of 
different slope. It should be noted further that the four upper values were 
observations on single leaves and the remainder were composite measure¬ 
ments on many leaves. The inference of curvilinear relationship from these 
data is not justified. 

Heinicke and Hoffman stated also that the rate of photosynthesis fell 
rapidly when the C0 2 content was depleted more than 20%. This implies a 
curvilinear relationship between the rate of photosynthesis and the degree of 
depletion. When the data contained in their table 4 were plotted it was 
found, as before, that although the whole array suggested a non-linear curve, 
the data obviously could be separated into two groups. Decker’s (3) con¬ 
clusion concerning the non-linear effect of C0 2 depletion on the photosyn¬ 
thetic rate of pine was based on a misinterpretation of preliminary results. 
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The experimentation reported here was undertaken in an attempt to 
clarify partially the effect of air supply on the rate of photosynthesis of the 
entire shoot of a tree seedling enclosed in a chamber. 

Methods 

The apparatus used in measuring photosynthesis was as originally de¬ 
scribed (3) except that C0 2 analysis units of the type used by Waugh (10) 
were substituted. A diagram of the apparatus is shown in figure 4. The 
entire top of the plant was enclosed in a transparent cylindric chamber and 
was illuminated from above by a battery of electric lights. Air was drawn 
through the chamber at a known rate, and the difference between the amounts 
of C0 2 entering and leaving the chamber was taken as a measure of apparent 
photosynthesis. A small radial-flow fan (2) circulated the air rapidly 
within the chamber. A simple test with smoke showed that the turbulence 
caused by the fan was very much greater than that caused by the flow of air 
from inlet to outlet. It is presumed, therefore, that the rate of air move¬ 
ment within the chamber and over the leaves was essentially constant at the 
different rates of air supply. Air temperature in the shoot chambers was 
maintained at 25° db 1° C. 

The arrangement of the C0 2 analysis units for direct sampling was simi¬ 
lar to that described by Wilson (12). For simplicity only one of the units 
is shown in figure 4. Another was connected to the blank sampling tube ( 8) 
and a third to the other shoot chamber (7). The three units were arranged 
in a suitable thermostatic water bath. The sample was metered (14) through 
the absorption tower (15) which was charged with 50 ml. of 0.0055 N NaOH 
solution. The change in concentration of the NaOH was measured by the 
change in electrical resistance of the solution. The operating routine was as 
follows. The tower was charged with fresh solution and was stirred for five 
minutes by passing the C0 2 -free air stream through it. The air stream was 
made C0 2 -free by passing it through soda-lime (17). The tower was then 
by-passed and the initial resistance reading was made. The tower was again 
switched into the air stream and the soda-lime tube was by-passed for exactly 
fifteen minutes. The C0 2 -free stream was then allowed to pass through the 
system for an additional three minutes to sweep the remaining C0 2 into the 
tower, the tower was by-passed, and the final resistance reading was made. 
At a C0 2 concentration of 0.55 mg./l. and an air flow of 0.55 l./min. a run 
of 15 minutes gave a resistance change of approximately 100 ohms. An In¬ 
dustrial Instruments Moclel RC-1B bridge was used, and with a decade 
variable resistance coupled in series it was possible to make readings to the 
nearest 0.5 ohm with considerable ease and speed. Replicated tests with the 
three units sampling a common source of air revealed an average discrepancy 
between units of approximately 1%. 

The sampling unit drew air from the shoot chamber at a constant rate of 
0,55 l./min. The total flow through the chamber was controlled by means of 
another air line and flowmeter (18) which was calibrated over the range 0.5 
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Fig. 4. Apparatus used to measure apparent photosynthesis of entire shoots under controlled conditions. Letters and numerals refer to 
descriptions in the text. 
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to 10.0 l./min. The desired rate of supply was established 20-25 minutes 
before a measurement was begun. Preliminary tests made at the lowest rate 
of air supply showed no difference between measurements begun 20-25 
minutes after a change in rate of supply and those begun 45-50 minutes after 
the change. 

Ten potted loblolly pine (Pinus taeda L.) seedlings which had completed 
the initial growth of their second growing season were used. Throughout the 
season they had been exposed to normal light in a greenhouse. The experi¬ 
ment was arranged as a 5 x 5 Latin square in which columns represented 
hours of the day, rows represented pairs of plants and days, and the five rates 
of flow were distributed within the square. To allow separation of any differ¬ 
ential effect of light intensity, one plant of each pair was exposed to a light 
intensity of 10,000 foot candles and the other to 2,200 fc. throughout the 



Pig. 5. Effect of air supply on apparent photosynthesis of entire shoots of tree seed¬ 
lings. Data of table II. 


series of flows. The Latin square design was chosen because it would reduce 
the chance of having the decline of the C0 2 content of air from out-of-doors 
through the day confounded with the effect of air supply. All plants were 
exposed to all rates of supply and thus the amount of tissue involved was a 
constant whose .effect did not appear in differences between rates of supply. 

The results of Heinicke and Hoffman indicated that the rate of photo¬ 
synthesis could probably be expected to vary hyperbolically with the rate of 
air supply and therefore linearly with the reciprocal of air supply. The 
rates of supply which were used (2.0,2.5, 3.3,5.0,10.0 liters per minute) were 
chosen, because the reciprocals were convenient values. 

A second series was run using six dogwood (Cornus florida L.) seedlings 
and six tulip poplar (Liriodendron tulipifera L.) seedlings. These plants 
were in tl^eir third growing season and were kept in the greenhouse near the 
pine se.edungs. A design similar to the previous one was used, with a 6 x 6 
square, one plant of each species in a pair, and a sixth rate of supply of 1.67 
l./min. Only one light intensity, 10,000 fc., was used in this series. 
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TABLE I 

t 

Apparent photosynthesis of entire shoots at different rates of air supply. 

Mg. C0 2 /min./shoot 


Species 

Light 


Air supply, l./min 



intensity 

10 

5 

3.3 

2.5 

2.0 

1.67 

Loblolly pine* . 

fc . 

10,000 

.579 

.531 

.464 

.441 

.366 


it i i * 

2,200 

.530 

.470 

.401 

.361 

.309 


Dogwood t . 

10,000 

.414 

.371 

.318 

.310 

.282 

.260 

Tulip poplar t . 

10,000 

.519 

.455 

.409 

.383 

.333 

.318 


* Values are means of 5. 
t Values are means of 6. 


Results 

Results are summarized in tables I and II. Values for mean C0 2 concen¬ 
tration and degree of depletion were calculated from the mean initial and 
final concentrations within each air supply group. 

There is an obvious difference between the values for the two light intensi¬ 
ties with pine; however, an analysis of variance (table III) revealed no dif¬ 
ferential effect of air supply with light intensity, and the two sets of data 
were combined for all further considerations. Similarly, no differential effect 
of air supply with the two hardwood species was found, and the data for the 
two species were combined. The statistical significance of row and column 
effects indicates that the Latin square design gave a real increase in precision. 

Regressions were fitted to the two sets of data using 1/R (where R is the 
rate of air supply) as the independent variable and rate of C0 2 absorption as 
the dependent variable. Both were found to be linear. The analyses of vari¬ 
ance are given in table III. The linear curves became hyperbolic, of course, 
when transformed from the reciprocal scale to the normal scale as shown in 
figure 5. 


TABLE II 


Apparent photosynthesis, mean CO. concentration and degree op depletion 

OF CO- AT DIFFERENT RATES OF AIR SUPPLY 





Air supply, l./min. 




10 j 

i 

1 5 

3.3 

2.5 

2.0 

1.67 


Photosynthesis 
(mg. C0 2 /min.) 

0.555 

0.501 

0.432 

0.401 

0.337 

i 


Pine 

Mean C0 2 cone, 
(mg./l.) 

0.520 

1 0.495 

0.479 

0.465 

0.456 j 

. 


% depletion 

10.2 

18.4 

23.8 

29.4 

31.2 

. 


Photosynthesis 

0.466 

0.413 

0.363 

0.346 

0.307 

0.289 

Hardwoods t 

Mean CO a cone. 

0.508 

0.494 

0.473 

0.463 

0.453 

0.448 


% depletion 

8.8 

15.1 

20.9 

26.3 

29.3 

31.9 


•Values are means of 10. 
t Values are means of 12. 
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TABLE III 

Analysis of variance 



Pine 


Hardwoods 

Source of 

Degrees of 

Me\n 

Source of 

Degrees of 

Mean 

variation 

FREEDOM 

SQUARE 

variation 

FREEDOM 

SQUARE 

Rows 

4 

.077205 

Rows 

5 

.002735 

Colu inns 

4 

.001496 

Columns 

5 

.022684 

Flows 

4 

.072026 

Flows 

5 

.052861 

Error 

12 

.002782 

Error 

20 

.003940 

Total 

24 


Total j 

35 


Light 

1 

.047678 

Species 

1 

i .106650 

Light-Flow 

4 

.000305 

Species-Flow 

5 

.001221 

Error 

20 

.009930 

Error 

30 

.002864 

Total 

49 


Total 

71 


Regression* 

1 

.028569 

Regression* 

1 

.021260 

Residuals 

3 

.000081 

Residuals 

4 

.000195 

Total 

4 


Total 

5 


b 

= — .54 ± .091 


l> = 

: — .35 ± .091 



* Regression tables are based on means of 10 and 12 observations respectively, 
t Standard error of b multiplied by 5 % t. 


The curves of apparent photosynthetic rate plotted over the decree of 
depletion (not shown) appeared to be linear with essentially the same dis¬ 
persion of points shown in figure 6. 


Discussion 

These data are in general agreement with the conclusion of IIeinicke 
and Hoffman that the effect of air supply on C0 2 absorption is curvilinear 



Fig. 6. Effect of CO a concentration on apparent photosynthesis of entire shoots of 
tree seedlings. Data of table II. 





DECKER: AIR SUPPLY AND APPARENT PHOTOSYNTHESIS 


569 


over the known range. There is apparent disagreement with Deneke’s data, 
which showed a linear relationship; however, the technique used by Deneke 
differed from that used in the present study. Deneke measured the time 
required for a standard depletion of the C0 2 content of a fixed volume of air 
in a closed system, thus the mean C0 2 content was constant for all air veloci¬ 
ties. It appears that he measured directly the simple effect of air velocity 
over the leaf. In the present study the air velocity was held essentially 
constant and the mean C0 2 content was varied. 

Considerable attention has been given in past studies of photosynthesis 
to the problem of maintaining a “normal” or at least known C0 2 supply. 
A frequent practice has been to maintain an air supply such that the C0 2 
content was reduced not more than 15-20%. This practice is subject to ques¬ 
tion because it has been based on the conclusion of Heinicke and Hoffman 
that the effect of depletion on the photosynthetic rate increases rapidly at 
depletions greater than 20%. There is another objection to the use of degree 
of depletion in attempting to evaluate or control the effect of C0 2 supply. 
Degree of depletion is a relative value and does not take into account the 
actual C0 2 pressure, thus 20% depletion when the initial concentration was 
0.6 mg./I. is different from 20'/ depletion when the initial concentration was 
0.4 iug v 1. The mean C() 2 content of air as used by Brown and Escombe, 
that is, the arithmetic average of the affluent and effluent air, is probably a 
more useful value. The relationship between rate of photosynthesis and 
mean C0 2 concentration found in the present experimentation is shown in 
figure 6. It is proposed that for a given set of experimental plants a similar 
regression could be established, by means of which all further experimental 
measurements of photosynthesis could be corrected to a selected mean C0 2 
concentration. The effect of C0 2 supply could thus be eliminated from com¬ 
parisons between measurements. In such a regression proper account should 
be taken of the fact that the independent variable, x, is subject to consider¬ 
able sampling error. 

Apparently it is generally supposed that, because the volume percentage 
concentration of C0 2 in air is essentially constant at all altitudes, C0 2 is not 
one of the determinative factors in the altitudinal distribution of species. 
The writer has been unable to discover any direct evidence supporting this 
supposition. Lundegardii (6) discussed C0 2 as an ecological factor but 
made no mention of it in relation to altitude. Weaver and Clements (11) 
did not mention it. Meyer and Anderson (7) stated that because C0 2 con¬ 
centration is nearly constant it seldom need be considered a variable in 
interpreting the developmental behavior of plants under natural conditions. 
However, the diffusion of C0 2 into a leaf is a function of C0 2 pressure rather 
than concentration, and the pressure of C0 2 in the atmosphere varies directly 
as the total atmospheric pressure. The normal pressure of atmospheric C0 2 
is approximately 22.8 mm. Hg at sea level and 13.0 mm. Hg at 15,000 feet 
altitude. Daubenmire (2) recognized that the partial pressure of C0 2 varies 
with atmospheric pressure and stated that its effect on plant growth is 
indirect. 
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Prom the relationship between photosynthesis and CO* concentration 
shown in figure 6 a similar relationship between photosynthesis and CO* 
pressure may be deduced, for CO* pressure is a direct function of CO* con¬ 
centration at constant total pressure. These data indicate a possible differ¬ 
ential response to CO* pressure of the photosynthetic mechanisms of species 
normally growing at the same altitude. 

In general, the natural distribution of vegetation is determined by the 
differential responses of species to gradients in one or more environmental 
factors. It seems reasonable to expect, therefore, that some species character¬ 
istic of different altitudes may exhibit differential responses to CO* pressure 
which are related to distribution, and thus at times the gradient in C0 2 pres¬ 
sure might be one of the significant factors of the determinative complex. 

Summary 

The apparent photosynthetie rate of the entire shoots of tree seedlings 
was found to vary hyperbolically with the rate of air supply and linearly 
with mean CO* concentration over the range 0.52 to 0.45 mg./l. The possible 
importance of C0 2 pressure as a factor in altitudinal distribution of species 
is suggested. 

This work was done at Duke University and was financed through a 
grant made by the General Education Board to the Duke University School 
of Forestry for a study of natural reproduction of Piedmont forests. The 
generous cooperation of Dus. C. F. Korstian and Paul J. Kramer made 
the project possible. Prof. F. X. Schumacher aided in planning the ex¬ 
perimentation and suggested the bilinearity of the data of Heinicke and 
Hoffman. Dr. C. C. Camp made valuable suggestions concerning the 
presentation of several mathematical statements. 

Department op Forest Botany and Pathology 
New York State College op Forestry 
Syracuse 10, New York 
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Induction of parthenocarpy and a comparison of normal and partheno- 
carpic fruits was undertaken in order to determine the possible role of the 
embryo in the development of the fruit. There is at present a question 
as to whether the production of fruit is brought about as a result of growth 
substances from the pollen, the developing ovule, seeds, tissues of the ovary 
wall and placentae, or from some other region of the plant. These arguments 
have been reviewed by Gustafson (9, 10, 11, 12), and it is believed that 
the data given below eontribute further to the interpretation of this point. 

Materials and methods 

The Marglobe variety of Lycopersicum csculentum was grown under 
greenhouse conditions, with a temperature range from approximately 70°- 
85° F., and the experimental work was carried out with seventy selected 
plants. One gfoup received the treatment necessary for the production of 
parthenocarpic fruit; the second group was kept as a control. 

The seeds were planted October 6, and the seedlings were transplanted 
several times to secure a vigorous root system; they were kept under observa¬ 
tion from that time until February 2, when the first treatment was applied. 

Indolebutyric acid in lanolin was prepared in the manner reported by 
Olebon (20), and used in concentrations of 0.5'/ by weight. The flowers 
were emasculated, to prevent pollination, before the bud opened. Both the 
sepals and petals were removed with a minimum of trauma after the blos¬ 
som opened in order to facilitate the application of the lanolin smear. 

Applications were initially made in several ways: on the stigma, on a 
horizontal cut at the base of the style, or at a cut through the ovary. Par¬ 
thenocarpic fruits most nearly resembling the normal fruits were produced 
by the treatment of the cut at the base of the style as described by Gustafson 
(9). This method of treatment was used throughout the remainder of the 
experiment. Following the application of the lanolin-indolebutyric acid 
mixture, the flowers wer£ bagged with cellophane envelopes to prevent any 
contamination by pollen, although it has been reported that the pollen be- 
comeg inactivated when in contact with lanolin mixtures containing some 
growth-promoting substance. Treatments were continued on the blossoms 
as they opened through February and March. 

Beg^ining March 2, following the above treatment, flowers were cut be- 
Jow the abscission layer of the pedicel and collected at two-hour intervals for 
a period of twenty-four hours; further collections were made at 24-hour 
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intervals over a period of two weeks to obtain samples showing the changes 
as they took place following the application. Samples were also collected 
of comparable stages of the flower following pollination. Records were 
made of the general development of the treated and control plants as well 
as of the normal and parthenocarpic fruits. These records included the 
rate of fruit development following pollination and the treatment with 
lanolin smear, ultimate size and weight of the fruit, increase in size of the 
pedicel, and the premature abscission of flowers and fruits. • 

All tissue samples were preserved in formalin-acetic-alcohol and em¬ 
bedded in paraffin following dehydration with n-butyl alcohol. Sections 
were cut 10-12 microns in thickness and stained with safranin and fast 
green. Serial sections of important developmental stages were cut in both 
transverse and longitudinal planes to follow the sequence of events in the 
early development of normal and parthenocarpic fruits. 

Data and discussion 

The artificial induction of parthenocarpic fruit in the tomato by the use 
of a 0.5% by weight of indolebutyric acid in lanolin at the base of the style 
parallels the work of Schroeder (21) and Howlett (16). The develop¬ 
ment of the fruit was much more rapid following the treatment with the 
lanolin smear than as a result of natural pollination but the ultimate weight 
and size of the fruit were approximately the same. The parthenocarpic 
fruits produced were more solid, and the percentage of set of fruit was as 
great, or greater, than that of the normal fruit. Larger fruits were pro¬ 
duced if the treatment followed partial pollination. The percentage of 
fruit-set was increased above that of the controls if repeated applications of 
the stimulant were made at short intervals. In agreement with the results 
obtained by Howlett (16, 17), parthenocarpic fruits were produced on the 
same plants with fruits producing seeds and their growth was not impaired 
if repeated indolebutyne acid treatments were given. Histological studies 
were made of the early stages of flowers and fruits of the normal and treated 
plants in order to compare their development. 

The development of flowers and ovules has been described by Cooper 
(4, 5). The Marglobe tomato has five or six locules, usually six, and free 
central placentation (fig. 1). It is impossible to get an accurate idea of the 
developments within the embryo sac with sections 10-12 microns in thick¬ 
ness such as were used in this investigation. It is possible, however, to 
know the condition of the ovule in the flower at the time of pollination 
(fig. 2) and at the time of the application of the lanolin-indolebutyric acid 
mixture (fig. 4) and thus to follow the subsequent changes. 

The tomato fruit consists of pericarp, ovules, and placental tissue. The 
greatest changes during fruit development take place in the ovules and the 
placentae. The development has been accurately described by Hayward 
(14) and general descriptions of parthenocarpic fruits have been given by 
several authors (6, 6, 7, 9, 10, 11, 12, 13, 16, 20, 21, 22). The development 
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of the placental tissue of the parthenocarpic fruits, however, has not been 
stressed. A critical study of the parthenocarpic sections showing placental 
tissue at the time of pollination (fig. 1), one day after treatment (fig. 3), 



Fra. 1. Transverse section through the ovary of the flower showing free central 
placentation. Fio. 2. Section through the ovule at the time of pollination. Fra. 3. 
Longitudinal station through the ovary one day after treatment, showing placental tissue. 
Fio. 4. Section through the ovule one day after treatment. 


and ten days af^er treatment (fig. 5), show the marked overgrowth of this 
tissue which in the mature fruit crushes the ovules against the ovary wall. 
This development is brought about by an increase in cell number and cell 











KING: ARTIFICIAL PARTHENOCARPY 


575 


size as stated by Gardner and Kraus (5). The general pattern of cell 
shape and cell size will vary among plants, due apparently to genetic 
influence (15). In fruits produced by the treatment following a horizontal 
cut through the young ovary (fig. 16), the growth of the placentae takes 



Fig. 5. Longitudinal section through the ovary ten days after treatment, showing 
placental tissue. Fig. 6. Section through the ovule ten days after treatment, showing 
the collapsed embryo sac. Fig. 7. Longitudinal section through the pedicel, directly 
below the receptacle region of the flower approximately ten days after pollination. Fig, 
8. Same as figure 7, showing details of vascular tissue. 
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the form of finger-like projections. The site of ovule attachment may be 
observed as scar tissue on the surface of these projections. The unfertilized 
ovule usually ceases its development early but if there is enlargement, it 
is due to the slight development of integument and nucellar tissue (5). The 



Fig. 9, Longitudinal section through the pedicel, directly below the receptacle region 
of the flower, approximately ten days after treatment. Fig. 10. The same as figure 9, 
showing details of vaseular structure. Fig. 11. Transverse section through the abscis¬ 
sion region of the |>edicel, of the control showing the meristematic cells of the cortex. 
Fig. 12. 'Longitudinal section through the abscission region of the pedicel, of the control 
showing the meristematic cells of the cortex. 
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megagametophyte collapses a few days after the treatment with indole- 
butyric acid as noted by Borthwick, Hamner, and Parker (2). 

The influence of the lanolin-indolebutyric acid mixture extends through 
the fruit into the pedicel and prevents abscission of flower and fruit. There 
are many references in the literature 011 this point (2, 5, 6, 7, 8, 12, 10, 19). 
Further data have been given by Gardner and Marth (6) who state that 
flower buds could be stimulated to renew growth even after the pedicel had 
begun to turn yellow, and that this increase of growth in the pedicel in the 
Solanaceae was even more rapid than that following pollination. This 
rapidity of effect would be expected in consideration of the rapid response 
secured by Zimmerman, Hitchcock, and Wilcoxon (22) in their work with 



Fig. 13. The same as figure 12, showing details of vascular tissue. Fig. 14. Trans¬ 
verse section of the abscission region of the pedicel, of the control showing the meristematic 
cells of the pith. 


the tomato. A comparison of the sections of the pedicel of the normal and 
parthenocarpic fruit taken directly below the receptacle region (figs. 7, 8, 
9, 10). show a distinct difference in the amount of vascular tissue. The 
pedicel of the parthenocarpic fruit has more secondary tissue and larger 
cells in the pith and cortex. These data also agree with the work of 
Kraus, Brown, and Hamner (18) as to the effect of growth-promoting sub¬ 
stances on stem tissues. Contrary to the above results, Gardner and Kraus 
(5) report that it is not possible to detect any direct outstanding differ¬ 
ences in the vascular system of fruit or pedicel in comparing normal and 
parthenocarpic fruit. The difference noted by the writer may be due to the 
repeated applications of lanolin-indolebutyric acid mixture on the base of 
the style. In the abscission region of the control the meristematic activity 
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is noticeable in both the cortex and pith regions and there is a separation 
or branching of vascular strands (figs. 11, 12, 13, 14). The difference in 
the pedicel of the normal and parthenocarpic fruits is not restricted to the 
internal anatomy but may be observed in the external appearance (figs. 15, 
16, 17) as an increase in thickness over that of the normal fruit extending 
from the receptacle through the abscission region. 

The theories of the causal mechanism of fruit development are reviewed 
by Gustafson (9, 10, 11, 12). From the experimental work discussed, it 
is evident that the ovary wall is not important to any great extent in the 
production of growth-promoting substances which result in the development 
of fruit. When ovules are removed, fruit will not develop unless the cavity 
which is left is filled with a mixture containing a growth-promoting sub¬ 
stance. The question arises as to whether the placentae, ovules, or embryo 
are responsible for the development of the fruit. In parthenocarpic fruits 



Fig. 15. Parthenocarpic fruits produced by the application of lanolin-indolebutyric 
acid smears, applied at the base of the style (x2). Fig. 16. Parthenocarpic fruits 
produced by the application of lanolin-indolebutyric acid smears, applied on a horizontal 
cut through the ovary (x0.5). Fig. 17. Marglobe tomatoes as developed from pollina¬ 
tion followed by fertilization (x0.33). 


which are seedless and in which ovules do not develop, it is evident that the 
development could not have been brought about by the ovules or the embryo 
sac. In the work of Tukey (22), the other possible alternative is discussed 
and his data show that the abortion of the embryo may cause the early 
ripening of the fruit. Parthenocarpic tomato fruits may appear in the 
field at certain seasons of the year and it is believed that such cases may be 
explained on the basis that pollination has occurred and that the pollen 
tube with its contents in the style is responsible for the development of the 
fruit even though fertilization has not occurred (13). Gustafson (9) 
states that the high auxin content in the flower bud stage is responsible for 
parthenocarpy. It is evident from the experimental work discussed by the 
same author tljat there is an increasing gradient in auxin concentration 
from the ovary wall to the developing seed. If the region of greatest con¬ 
centration in the developing fruit is eliminated, it is logical to assume that 






KING: ARTIFICIAL PARTHENOCARPY 


579 


the region next in concentration would take over the control of mobilization 
of materials into the fruit. Such regions in order of decreasing concentra¬ 
tion would be ovules, placentae, and ovary wall. The production of par- 
thenocarpic fruit when the ovules fail to continue their development, as 
described in this paper, shows that the placenta itself may be stimulated to 
fruit development without the influence of the developing ovule. 

The production of induced parthenocarpic fruits in which the ovules 
fail to continue their development beyond the stage reached at flowering 
would lend support to the theory that the ovule is not essential for fruit 
production. Other tissues of the fruit itself, such as the placentae, may be 
either the source of the stimulus for fruit development or the loci at which 
that stimulus exerts its effect. It is possible that the auxin gradient in 
fruit is determined by the tissue pattern established by the flower or floral 
primordia. 

It is interesting to note in connection with the abscission layer that the 
vascular strands in that area are smaller; in many cases only a single row 
of tracheal elements. The tracheids retain their nuclei and cytoplasm over 
a much longer period than previously believed. Such conditions show a 
distinct adaptation of the structures of the abscission layer to its function 
which once again emphasizes the dynamic nature of plant tissues. 

Summary 

1. The parthenocarpic fruits produced by the application of 0.5% 
indolebutyric acid in lanolin were seedless, solid, juicy, and as large as the 
normal fruit. The yield was as high or higher than the normal fruit and 
when produced on the same plant with the normal fruit their development 
was not affected. 

2. The ovules of the parthenocarpic fruit failed to continue their de¬ 
velopment to any degree after the stage at which the flowers were treated. 

3. The embryo sac of the partially developed ovules of the treated 
flowers collapsed and the ovules were crushed against the ovary wall by the 
overgrowth of the placental tissue. 

4. There was an excess tissue development in the pedicel of the par¬ 
thenocarpic fruit as shown by cross sections, and this' increase in the thick¬ 
ness of the pedicel is due to an increased amount of secondary tissue. 

5. Parthenocarpic fruits produced on the same plant with normal fruits 
were as large as those produced on separate plants. 

Miami University 
Oxford, Ohio 
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In studies concerning the movement of gases and vapors into and out of 
the leaf, it is frequently necessary that the dimensions of the stomates be 
determined. Such information may be more useful if it consists of a con¬ 
tinuous record of the stomatal aperture rather than a series of periodic 
measurements. Two methods are generally used for the procurement of 
such continuous data; direct microscopic measurement and the porometer. 

Direct microscopic measurement of the dimensions of the stomates has 
been considered the most accurate method by many workers. There are, 
however, several difficulties which make accurate measurements by the 
microscope difficult. For certain leaves, under some conditions, accurate 
measurements can be made only with extreme difficulty. For other leaves, 
the microscope cannot be used at all. The method is not well adapted for 
continuous observation, because of the strain imposed upon the worker and 
because of undesired changes induced through mechanical manipulation and 
the use of light. Also, since only a few stomates can be measured at one 
time, the question arises as to whether they constitute a representative 
sample or reflect correctly the average stomatal aperture. However, when 
employed for the determination of the dimensions of the stomates at a par¬ 
ticular instant, a high degree of accuracy may be achieved. 

The porometer is a device used to measure changes in the rate of flow 
of air through the leaf. A cup or tube is attached to the leaf and the pres¬ 
sure of the air within the cup is either raised or lowered with respect to 
normal air pressure. It is assumed that the changes in the rate of air flow 
are directly proportional to the changes in the dimensions of the stomates. 

The porometer was first proposed by Dutrochet in 1832, according to 
Darwin and Pertz (3). In 1876, Muller constructed an apparatus employ¬ 
ing this principle which proved too complicated and cumbersome for gen¬ 
eral use and acceptance. The modem design for the porometer was devel¬ 
oped by Darwin and Pertz (3). Improvements were made on this type 
of porometer by Knight (7), and by Laidlaw and Knight (9) who devised 
a constant "flow aspirator and made the process self-recording. Other 
porometers were devised by Balls (2), and by Jones (6). A porometer 
which measures changes in the rate of flow of air through the leaves in terms 
of pressure wsts devised by Gregory and Pearse (4). This method uses 
small rates of air flow and low pressures. It will be described in detail in 
another section. 
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Numerous criticisms have been leveled at this method, many of which 
are no longer valid in the light of present informatioh. Loftfield (10) 
considered that until a “comparison has been made between a series of direct 
observations upon the conditions of the stomata and porometer readings 
made at the same time—its reliability is questionable.” 

Ashby (1) compared readings of a porometer with simultaneous mea¬ 
surements from epidermal strips. He concluded that with large apertures 
the two methods are essentially measuring the same thing but that with small 
apertures the porometer method is more than ten times as sensitive. He 
also found the error of replication of the porometer to be less than 3% while 
that of the strip method was over 20%. Maskell (11) compared the 
porometer rate with the area of the stomates determined from impressions. 
Although he made only a small number of comparisons, his results indicated 
a linear relation between porometer time and the area of the stomates. 

In a study of the effect of certain gases on permeability of the leaves, 
Pawlenka (13) made a great many simultaneous measurements of the 
stomates using the porometer and the strip method which were reinforced 
by direct microscopic observations. Although not intended as a check upon 
the porometer, it affords the most extensive comparative investigation yet 
reported. Invariably, there was a direct relation between the porometer 
time and the area of the stomates as determined by the strip method which 
was constantly checked by direct microscopic observation. Hartsuijker 
(5) after a critical study of the most important methods to determine the 
dimensions of the stomates, concluded that there was a direct relation be¬ 
tween the porometer time and the area of the stomates as measured by direct 
microscopic observation. He considered that the porometer was an ex¬ 
tremely useful device for the quantitative investigation of the changes in 
the dimensions of the stomates. 

The rate of the passage of air through the leaf is also influenced by the 
resistance of the cells of the mesophyll. If the intercellular volume were to 
change appreciably during the course of an experiment, the porometer rate 
would be a reflection of this change as well as of changes in the dimensions 
of the stomates. Nius (12) investigated this question and concluded that 
such changes actually occurred. If Nius’ conclusions are correct, a serious 
and uncontrollable error would affect the accuracy of the porometer method. 
This question was reinvestigated by Hartsuijker (5) who concluded that 
Nius’ methods contained so many errors that his results were not valid. 
By the use of improved methods of a known small error, he showed that the 
effect of changes in the intercellular volume is extremely small. The writer 
has repeated these experiments of Hartsuijker and confirmed his results 

Knight (8) showed that some stomates tend to close when air is drawn 
through them continuously. This difficulty is associated with the use of 
high pressures and large displacement of volume. If the pressure used is 
small and the volume of air drawn through the leaf reduced to a minimum, 
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stomatal action appears to be unaffected. The writer has obtained records 
from plants growing under controlled conditions in which the stomates, as 
measured by the porometer, were continuously and evenly open for more 
than twenty-four hours at a time. It would appear that the method itself, 
even though used continuously, does not induce closure. 

The porometer method has several decided advantages w’hen compared to 
other methods. All measurements are based on the action of a large number 
of stomates. For comparable results to be obtained by the direct methods, 
several thousands of stomates would need to be measured at each reading. 
Since the porometer reading is determined by the average aperture of the 
stomates, there is a small standard error of replication. The writer has tested 
this point repeatedly and has found the error to be within 3%. The small 
standard error implicit in this method permits accurate measurement of 
small changes in aperture. A further important advantage is that direct, 
continuous records of the movements of the stomates may be obtained under 
either natural or controlled conditions. The writer has obtained continuous 
records for periods of more than four months from plants growing out-of- 
doors. 

The porometer method for determining the apertures of the stomates is 
apparently accurate, and suitable for continuous operation. It is felt that 
the objections which have been raised against this method, are either based 
on insufficient data or have been met by improvements in the method. It 
is considered that for most studies dealing with the effects of environmental 
factors upon the activities of the guard cells, the use of the porometer 
affords the possibility of accurate continuous quantitative measurement. 

The resistance porometer 

Since the porometer method has so many advantages, considerable atten¬ 
tion was given to the development of a simple, reliable recording instrument. 
The resistance porometer, divised by Gregory and Pearse (4) is considered 
the most useful for precise continuous measurement of the aperture of the 
stomates under practical conditions. The apparatus which they used in 
recording the behavior of the porometer is both cumbersome and expensive 
and limits the usefulness of the porometer to the laboratory. A recorder 
was devised by the writer which is simple to operate and inexpensive to 
construct and has the additional advantage of requiring a very low pressure 
differential for its operation. 

The method may be explained by reference to figure 1. A leaf, which 
when attached to a leaf cup behaves as a variable resistance, is connected 
through 'a ^xed capillary resistance to a vacuum line. A tambour which is 
a flanged metal cup approx. 1" in diameter and deep, sealed at the top with 
a thin rubber membrane, is inserted between the leaf cup and the fixed re¬ 
sistance to refpond to changes in air pressure in the system. A constant 
reduced pressure equivalent to about one cm. of water is applied to the open 
end of the fixed resistance. The magnitude of this pressure is controlled by 
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the depth to which the spill-over tube is inserted into the liquid in the pres¬ 
sure regulator. 

If more air enters through the leaf into the leaf cup than is removed 
through the capillary resistance, the pressure within the system increases 
somewhat, causing the tambour membrane to rise. If less air enters through 
the leaf than is removed through the capillaryresistance, the pressure de¬ 
creases and the tambour membrane falls. Since the stomates control the 
passage of air through the leaf, the pressure changes reflect the movements 
of the stomates. As the stomates close, entrance of air is restricted and 
finally stopped, the pressure decreases and the tambour falls. As the 
stomates open, air enters the system, the pressure increases, and the tambour 
rises. The movements of the tambour membrane are transmitted by a 



FIGURE 1 

Fir.. 1. Dingnmi of reHiatimco porometer showing rotation of \arious parts of system. 

multiplying lever to smoked paper on a kymograph drum and a record is 
thus obtained. 

The proper size of capillary resistance can only be ascertained by ex¬ 
perimenting. If, as suggested by Gregory and Pearsk (4). the thermometer 
tubing used for resistance is cut into segments with lengths in the ratio of 
1:2:2:5:10, then a range of resistances from 1 to 20 can be obtained. 
Student thermometers, cut to a basic unit of 1 cm., were used. A glass 
T-tube was attached to both ends of each capillary segment. The tubes 
were then connected by rubber tubing to form a chain consisting of a piece 
of capillary alternating with a T-tube. Such an arrangement leaves an open 
end of a T-tube on either side of each piece of thermometer tubing. If these 
open ends are then joined by a piece of rubber tubing, they form a series of 
by-passes around each piece of thermometer tubing. However, if one of the 
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by-passes is closed with a metal clip, the air must pass through the capillary 
tubing. Thus by regulating the air through either the by-pass or the capil¬ 
lary tube, the total resistance in the circuit may be changed from 1 to 20 
without allowing any outside air into the system. If too large a resistance 
is used, the tambour will register normal pressure while the stomates are 
still partly closed because air is not being removed as rapidly as it enters. 
If too small a resistance is used, the tambour will register reduced pressure 
even when the stomates are wide open because air is being removed more 
rapidly than it enters. The system is most sensitive when the fixed capillary 
resistance is equal to the resistance offered by the leaf, but since the leaf 
resistance varies greatly in the course of a day such a relation cannot be 
maintained. The proper resistance is one with which the change in pres¬ 
sures between fully open and completely closed stomates is within the total 
pressure range of the system. 

In practice this is most easily attained by adjusting the resistances while 
the plant is under conditions which generally promote maximum stomatal 
opening; i.e., a high light intensity, fairly high humidity, and a temperature 
of between 25° and 30° C. Starting with maximum resistance in the line, 
the resistance is reduced, until the writing arm moves and then holds steady 
indicating slightly less than maximum pressure. 

The leaf cups which are made of thin wall glass tubing, can vary some¬ 
what in size, cups ranging from 0.9 cm. to 2.5 cm. in diameter having been 
used successfully. As many as six of the smaller cups, two on each of three 
plants, have been successfully connected on one recorder, thus giving the 
average behavior of the three plants. If the edges of the cups are ground, 
the cement will adhere better than to a smooth surface. The lower ends of 
the small cups are drawn out enough to permit directly connecting them to 
small bore rubber tubing. A one-hole stopper containing a piece of glass 
tubing is inserted in the bottom of the large cups to enable them to be con¬ 
nected to tubing. The volume of the cups and connecting tubing should be 
kept as small as possible to limit the volume of air in the system, thereby 
decreasing thermometer effects and increasing the speed of reaction to 
changes in stomatal aperture. 

It is frequently difficult to seal leaves to the leaf cups. Numerous ad¬ 
hesives have been tried with varying success. Anderson found a mixture 
of approximately 1 part beeswax, 2 parts rosin, 2 parts lanolin and 1 part 
grafting wax fairly satisfactory for attaching leaf cups to cotton leaves. 
The writer found that if latex is first exposed to the air until it thickens to 
the consistency of thick cream it can be used to form a tough, air-tight and 
non-toxic seal. ThbVdge of the leaf cup is covered with a layer of latex and 
held in contact with the leaf by means of a light weight until the latex is 
dry. Leaves of plants growing out-of-doors have been sealed to leaf cups 
witH^Iatex for* more than a month without injury. Of course, the leaves 
must be supported in such a way that movements caused by wind will not 



WILSON: POROMETER METHOD FOR STOMATEg 


587 


LEAF CLIP 



Fig. 2. Leaf clip for fastening leaves to porometer cup. 

tear them loose from the rigidly fastened leaf cups. In addition to fasten¬ 
ing the branches to supports, it is often helpful to hold the leaf in contact 
with the cup by means of a wire support as shown in figure 2. 

The fulcrum of the magnifying lever was constructed from parts ob¬ 
tained from a cheap alarm clock. The clock was dismantled and all the 
gears except the balance wheel removed. Wooden dowels whose diameter 
was equal to the inside diameter of ordinary drinking straws were notched 
and cemented on opposite sides of the balance wheel similar to two spokes 
projecting from the same diameter. A straw with a gravity writing point 
was attached to one of the dowels. A weighted straw w’as attached to the 
other dowel to act as a counter balance. A hole was drilled in one of the 
spokes of the wheel into which could be inserted a free swinging arm which 



Fig. 3. Diagram showing construction details of kymograph. A, Big Ben clock; 
B, eight-tooth gear soldered to hour arm; C, forty-eight-tooth gear; D, connecting rod 
of capillary glass tubing; E, Rubber stopper; F, sponge rubber flange with circumfer¬ 
ence of four times E; G, kymograph support; H, roller skate bearing; I, kymograph 
drum platform; J, kymograph drum. 
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rested on the tambour. Two bolts were soldered to the top of the frame of 
the clock. The frame was then suspended by means of two screws from a 
metal L. By adjusting the screws, the writing point of the lever may be 
set to rest along any portion of the kymograph drum. 

The construction of the kymograph is explained in figure 3. Although 
the construction was simple and very inexpensive, requiring only one ball¬ 
bearing roller skate wheel in addition to some gears obtained from the alarm 
clock, the kymograph was quite accurate and reliable. Eight kymographs 
were constructed, no one of which varied more than five minutes in twenty- 
four hours. Regular glazed kymograph paper is most suitable although 




Fig. 4. Tracings of actual records; (a) twenty-four-hour recoid of Camellia under 
natural conditions; (b) records of tobacco under successhe four hour light and dark 
periods at three different temperatures. 

legible records were obtained using paper taken from better grade maga¬ 
zines. The drum, on which has been fastened a sheet of kymograph paper, 
is smoked over an ordinary wing tip burner whose gas supply has been 
bubbled through a wash bottle containing benzene. This procedure gives a 
very smoky flame and is best performed under a hood. After a record has 
been obtained, the paper is removed from the drum and fixed in a dilute 
solution of shellac. 

Figure 4 shows tracings of actual records obtained from plants growing 
under both controlled and natural conditions. The results of scores of such 
records will be published in a later paper. 

DEPAKfUEN^OF BIOLOGICAL SCIENCE 
University or Georgia 
Athens, Georgi v 
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CULTURE CONDITIONS AND THE DEVELOPMENT OF THE 
PHOTOSYNTHETIC MECHANISM. V. INFLUENCE OF 
THE COMPOSITION OF THE NURIENT MEDIUM 

Jack Myers 
(with two figures) 

Received March 1, 1947 

Significant effects of light intensity on the cellular and photosynthetic 
characteristics of Chlorella pyrenoidosa have been described in preceding 
papers (6, 7). These studies required a more or less arbitrary choice of 
other culture conditions, e.g., light quality, temperature, carbon dioxide 
concentration, composition of the nutrient medium, and the population 
density at which cultures are maintained in the continuous-culture appa¬ 
ratus. Considered herein are the effects of various changes in composition 
of the nutrient medium and in the carbon dioxide concentration. The 
problems are: (1) whether the concentrations of various components of the 
medium are optimal and (2) whether there may be significant effects of 
small changes that might be induced as a reaction in response to other 
variables. 

This investigation depends upon the use of a continuous-culture appa¬ 
ratus, previously described (5). The data to be presented demonstrate 
the usefulness of the apparatus in studies on nutrient deficiencies in micro¬ 
organisms. 

Procedure 

ChloreUa pyrenoidosa was grown in a modified Knop’s solution in two 
units of the continuous-culture apparatus. The Knop’s solution contained 
0.010 M MgS0 4 , 0.012 M KNO s , 0.009 M KH 2 P0 4 , 13.3 x 10 5 M Fe 2 (S0 4 ) 3 , 
56.0 x 10" 5 M sodium citrate, and 1.0 ml./l. each of the A 5 and B 6 solutions 
of Arnon (1). The A 5 solution contained 0.5 parts per million B, 0.05 
p.p.m. Mn and Zn, 0.02 p.p.m. Cu, and 0.01 p.p.m. Mo; the B e contained 
0.01 p.p.m. each of V, Cr, Ni, Co, W, Ti. The medium was prepared from 
stock solutions of the major salts purified by the adsorption procedure of 
Stout and Arnon (8) and adjusted to pH 5.0. 

The culture conditions adopted for reference were the same as those 
used previously, i.e., a population density of 0.6-0.7 cmm. cells/cc., 4.4% 
carbon dioxide, and a temperature of 25° C. A light intensity of 25 fc as 
provided by tungsten lumiline bulbs was chosen because, as shown by the 
previous work, this gives cells with a maximum capacity for photosynthesis. 

In the continuous-culture apparatus a photometric device controls the 
addition of fresh medium to the culture suspension at just such a rate that 
the density of*population is maintained approximately constant. Samples 
of the .culture suspension are harvested at 24-hour intervals, leaving a known 
amount of inoculum for the next interval* Because of the characteristics 
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of the apparatus, logarithmic growth is continuously maintained. Bate of 
growth is then expressible in terms of the constant k in the equation 

N 

log^-=- = kt. In applying the equation N 0 is expressed as the milliliters 

■No 

of inoculum at the beginning of each interval and N as the total milli¬ 
liters (ml. inoculum + ml. sample) at the end of each interval, t, of one day. 

A new technique for changing the composition of the culture medium 
was introduced. Growth in the complete nutrient medium was maintained 
until growth rate, population density, and photosynthetic characteristics of 
the harvested cells were constant over a period of several days. Thereupon a 
new bottle of culture medium with a changed (or zero) concentration of some 
one component ( e.g iron) was inserted. As growth continued the culture 
medium in the chamber changed (was diluted) in respect to the varied 
component. Population density was held constant, and growth expressed 
itself only in volume of fresh medium added each day. The actual con¬ 
centration of the varied component at any time could therefore be calcu¬ 
lated. An assumption required is that the distribution of the component 
between cpIIs and fluid was constant and independent of the concentration 
in the fluid. This is probably not entirely valid and in this respect the 
quantitative estimation of the actual concentrations is rendered uncertain 
for large changes. However, the interpretation of the results of a change 
in concentration or deficiency of any component is in no way affected. 

Photosynthetic characteristics were studied manometrically by the 
Warburg technique at a temperature of 25° C. as previously described (7). 
Cells were immersed in Knop’s solution (pH 4.5) saturated with 4% carbon 
dioxide and the rate of oxygen evolution calculated on the basis of an 
assimilatory quotient of - 0.90. Cell volumes were determined on duplicate 
aliquots by centrifuging in Van Allen thrombocytocrit tubes as previously 
described ( 6 ). Rates of photosynthesis could then be expressed in cmm. 
0 2 /hr./cmm. cells. The rate of photosynthesis measured under conditions 
of light and carbon dioxide saturation is herein described as the capacity for 
photosynthesis. 

Results 

Comparison of population densities of 0.5 cmm. to 1.5 cmm. cells/cc. 
has revealed no significant differences in the subsequent photosynthetic 
behavior of the cells. At the higher population densities the growth rate 
is somewhat lower, however, a result of increased mutual shading and 
slightly lower effective light intensity. For subsequent work, therefore, a 
density of 0.5 cmm. to 0.7 cmm. cells/cc. has been adopted as a convenient 
working range. 

Effects of major salt concentration 

Data of an experiment designed to find the effects of changing the major 
salt concentration by the dilution technique described above are presented 
(table I). A culture was grown for a period of six days on Knop’s solution 



592 


PLANT PHYSIOLOGY 


TABLE I 

Effects of the major salt concentration 


Day 

Relative con¬ 
centration at 
end of day 

Growth* 

RATE 

Capacity roftt 

PHOTO¬ 

SYNTHESIS 

pH of 

SUSPENSION 

2-6 

1.0 

0.47 

47 

5.9 


Insert 2X concentration of major salts 


7 

8 

9 

10 

1.65 

1.88 

1.96 

1.98 

0.45 

0.46 

0.43 

0.44 

46 

47 

5.7 

Insert aero concentration of major salts 

11 

0.68 

0.46 


5.9 

12 

0.23 

0.47 

46 


13 

0.089 

0.43 

47 

7.0 

14 

0.046 

0.28 

19 

7.0 


* ( l0 « tt ) 24hrs - 

t cmm. Ofl/hr./cmm. cells. 


at its usual concentration. At the end of the sixth day a new bottle of 
medium was inserted containing twice the usual concentration of the major 
salts. Prom the amount of daily inoculum and daily harvest the relative 
concentration calculated for the end of each day is expressed in the second 
column. By the tenth day the major salt concentration had nearly doubled 
without appreciable effect on growth rate or the capacity of the cells for 

TABLE II 

Effects of depletion of iron 


Day 


Fe concentra¬ 
tion AT END OF 
DAY 


Growth 

RATE 


Capacity for Chlorophyll 

PHOTOSYNTHESIS CONCENTRATION* 


1 Insert Knop ’a containing zero Iron; original 

concentration had been 13.3 x 10-s M 


7 

0.049 x 10-^ 

0.41 

42 

9.6 

8 

0.020 

0.39 

43 


9 

0,0097 

0.32 

37 

9.7 

10 

0.0044 




11 

0.0021 

„ 0.34 

38 

8.2 

12 

0.0010 

0.81 

33 


13 

0.00049 

0.81 

23 

6.8 

14 

0.00025 

0.30 

18 



T 


Insert Knop ’s containing 0.133 x 10-5 M Iron 


15 

0.048 




16 

^ 0,096 

0.36 

43 


17 

* 0.128 

0.41 

42 

9.1 

—. _* 






* In arbitrary units/cmm. cells (5). 
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photosynthesis. A bottle of mediant was then inserted containing aero 
concentration of the major salts. Continued dilution of the major salt 
concentration finally gave rise to a redueed rate of growth and capacity for 
photosynthesis. In respect to these characteristics, however, it is apparent 
that the cells were insensitive to the major salt concentration over approxi¬ 
mately a twenty-fold range. In the light of earlier work by Mybks (4), the 
development of the relatively high pH of 7.0 probably indicates a complete 
removal of nitrate from the medium on days 13 and 14 of the experiment. 



Fig. 1. Light intensity curves of photosynthesis for cells harvested on days 1, 11, 
12, and 13 of the experiment described (table II). Values on the curves represent cal¬ 
culated iron concentrations at the time of harvesting. Rate = cmm. Oa/hr./cmm. cells 
measured in Knap’s +4.4% C0 2 . 

Effects of iron concentration 

Results of the dilution technique applied to the study of iron concentra¬ 
tion are given (table II). Growth rate, eapaeity for photosynthesis, and 
chlorophyll concentration were but slightly affected during the 270-fold 
drop in iron concentration over a six-day period. Further dilution of iron 
was accompanied by a decrease in all three of the cellular characteristics 
examined. Effects of iron depletion are shown in terms of the light in¬ 
tensity curves of photosynthesis for cells harvested at days 1, 11, 12, and 
13 and labelled with the calculated iron concentrations prevailing at the 
time of harvesting (fig. 1). Any one of the lower curves can be made 
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to fit approximately the upper curve by multiplying all points by a single 
factor. No apparent differential effects of iron concentration on the “pho¬ 
tochemical” and “dark” processes are detectable in this experiment. 

Effects of microelement concentrations 

' With the usual iron concentration of 13.3 x 10 ° M it was impossible to 
demonstrate any effects of depletion of the A 5 or B 6 microelement solutions 
by the dilution technique. The iron concentration was thereupon reduced 
to 0.133 x 10 -8 M. Effects of depletion of the A s solution could then be 
noted (table III). It is apparent (as previously noted by others) that iron 

TABLE III 

Effects of depletion of the A b solution 
(Original concentration = 1.0 ml./liter; contains B, Cu, Mn, Mo, Zn; 

Iron concentration 0.133 x 10~ n M) 


Day 

Fraction of 

ORIG. CONCEN¬ 
TRATION AT END 

OF DAY 

Growth 

RATE 

Capacity for 

PHOTOSYNTHESIS 

Chlorophyll 

CONCENTRATION 

2-5 

1.0 

0.45 

47 

9.3 

Insert Medium Containing Zero A c 

6 

| 0.35 

| 0.45 1 

47 1 


7 



44 


8 

0.078 

0.22 

11 

5.3 


salts without special purification contain appreciable amounts of the 
requisite microelements. No further attempts have been made to determine 
critical levels or effects of deficiency of any of the individual microelements 
of the A 5 solution since this is beyond the scope of the present work. Even 
with the lowered iron concentration, no effects of depletion of the B„ solu¬ 
tion could be observed. 

Effects of hydrogen ion concentration 

The Knop’s solution used for growth throughout these experiments was 
initially adjusted to pH 5.0. This gave a pH of about 5.8 in the culture 
suspension. Changes in initial pH such that the culture suspension was 
maintained at pH 5.2 or pH 6.7 revealed no significant effects on the photo¬ 
synthetic behavior of the harvested cells. However, at higher pH iron 
slowly precipitated despite the added citrate, and at lower pH the suspen¬ 
sions foamed badly and the algae tended to deposit on the upper walls of 
the chamber. A pH of culture of about 5.8 seemed to be an optimum for 
practical operation. 

Effects of concentration of carbon dioxide 
% 

Comparative data on the effects of provision of air and 4.4% carbon 
dioxide in air on the subsequent photosynthetic behavior of the cells are 
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TABLE IV 

Effects of carbon dioxide concentration 


Carbon dioxide 

npnwnPTT pirrir 

Capacity por 

provision 


photosynthesis 

4.4% 

0.45 

43 

Air 

0.26 

34 


shown (table IV and fig. 2). The actual concentrations of carbon dioxide 
available to cells in the growth chambers is not known. Changes of from 
2% to 5% carbon dioxide in the influent gas mixture have been found to 
be without effect on the growth rate of subsequent photosynthetic activity 
of the cells. It is therefore assumed that aeration with 4.4% carbon dioxide 
provides a saturating concentration for photosynthesis. In a culture 
aerated with air, however, the calculated rate of carbon dioxide utilization 
approaches the rate of provision in the influent air. The effective concen¬ 
tration in the culture must be considerably less than the initial 0.03% in 
the influent air. This is borne out by the observation that in air growth 
rate is dependent on rate of aeration (carefully controlled in the above 
experiment) while in 4.4% carbon dioxide growth rate is independent of 
aeration rate. 

It has already been shown (7) that at 25 fc growth rate is proportional 
to light intensity and therefore probably determined by rate of photosyn- 



Fio. 2. Light intensity curves of photosynthesis for cells grown at different con¬ 
centrations of carbon dioxide. Values on the curves indicate carbon dioxide composi¬ 
tion of the influent air of the growth chambers. Rate = cmm. Oj/hr./cmm. cells mea¬ 
sured in Knop’s + 4.4% CO,. 
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thesis. Emerson and Green (2) have shown that in C. pyrenoidosa rate 
of photosynthesis is independent of carbon dioxide concentration down to 
less than 0.05%. On these grounds also one may prediet a limiting rate of 
provision of carbon dioxide on aeration with air. The problem of rate of 
provision of carbon dioxide has been discussed previously (4). 

Limited provision of carbon dioxide during growth gives rise to cells 
with a lowered capacity for photosynthesis at high light intensities (Black¬ 
man rate) as indicated (fig. 2). On the other hand, limiting carbon dioxide 
has no effect on the subsequent rates of photosynthesis at low light intensity 
(photochemical rate). 

Further work on effects of limited carbon dioxide provision had been 
planned. Unfortunately, cells grown under these conditions tend to cling 
to the sides of the chamber so that further work along this line has been 
abandoned due to the technical difficulties involved. 

Discussion 

The techniques described above offer a new approach to the general 
problem of evaluating the critical concentration of any substance required 
in the nutrition of a microorganism. Comparison with the conventional 
method is illustrated by consideration of the work of Hopkins and Wann 
(3) on the iron requirement for Chlorella. By addition of graded amounts 
of iron they were able to determine; (1) the minimum concentration at 
which growth would take place and (2) the amount of iron per culture re¬ 
quired to allow development of a maximum crop of cells. The second type 
of determination is a rather general one although it merely indicates how 
great the initial concentration must be to prevent its becoming a limiting 
factor in the growth of a culture. In contrast to either type of information 
afforded by this method, the technique introduced above allows an estima¬ 
tion of the minimum concentration needed to support a maximum rate of 
growth. Quantitative comparison of these data with those of Hopkins and 
Wann is impossible since they used a different strain of Chlorella, a differ¬ 
ent concentration of citrate, and were then unaware of microelement re¬ 
quirements which must have been provided in their iron. It is clear, how¬ 
ever, that quite different physiological characteristics are studied by the 
two methods. 

It is also apparent that the continuous-culture technique is neatly 
adapted to studies of the specific effects of nutrient deficiencies or of in¬ 
hibitors on microorganisms. Any given nutrient or inhibitor can be main¬ 
tained continuously in a culture at any desired level and cells withdrawn 
periodically for physiological study. 

The work'herein reported was undertaken primarily to continue a survey 
of the effects of various culture conditions on photosynthetie characteristics 
of Chlorella. I| has been found, in regard to the composition of the nutrient 
medium ; that the concentrations originally chosen more or less arbitrarily 
give eells with optimum growth rate and capacity for photosynthesis. Small 
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changes in these concentrations, which might be induced by changes in other 
conditions, are without appreciable effects. 

Summary 

1. Chlorella pyrenoidosa was grown in a continuous-culture apparatus. 
Composition of the nutrient medium, carbon dioxide concentration, and 
population density were studied for their effects on growth and subsequent 
phytosynthetic behavior. 

2. Growth and photosynthetic behavior are relatively insensitive to large 
changes in the composition of the medium. The major salt concentration 
may be varied about 20-fold, iron 270-fold, A 5 microelement concentration 
3-fold, hydrogen ion 30-fold, all without effect. 

3. Limited provision of carbon dioxide during growth yields eells with a 
lowered capacity for photosynthesis. 

4. The data presented demonstrate the usefulness of the continuous-cul¬ 
ture technique in studies on nutrient deficiencies in microorganisms. 

This work was accomplished with the technical assistance of James A. 
Johnston and was supported by a grant from the University of Texas 
Research Institute. 

University or Texas 
Austin, Texas 
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A FURTHER INVESTIGATION OF THE REPLACEMENT OF 
BORON BY INDOLEACETIC ACID 1 

Robert MacVicab and W. E. Tottingham 
Received May 13, 1946 

It has been reported (2) that low concentrations of indoleacetic acid in 
the nutrient solutions supplied to cotton seedlings will partially replace 
boron for growth in cultures deficient in this element. This finding consti¬ 
tutes a fundamental advance in the elucidation of the role of boron in the 
metabolism of the plant. The further implication of auxins in respiration 
(1) and growth indicates that boron might function through some relation¬ 
ship with these enzyme systems. It was believed desirable, therefore, to 
attempt to confirm this work and extend it to other and more suitable experi¬ 
mental plants. 

Experimental data 

Plants were grown in washed silica sand in varnished clay pots. Seed¬ 
lings of suitable size, germinated in either sand or soil, were transplanted 
into sand which had been thoroughly leached with distilled water. The fol¬ 
lowing experimental plants were used: cotton, unknown variety; sunflower, 
var. Russian Mammoth; tomato, var. Early Baltimore; tobacco, var. Mary¬ 
land Mammoth ; and soybean, var. Manchu no. 3. Four replications of each 
treatment were made with the exception of the series harvested on June 21, 
1941. In this case only three replications were employed. 

The composition of the nutrient solutions was as follows: 


kh 2 po 4 

0.0018 M 

k 2 hpo 4 

0.0012 M 

Ca(NOj) 2 

0.0042 M 

CaCl 2 

0.0011 M 

Mg (NO,) 2 

0.0021 M 

MgS0 4 

0.0011 M 

nh 4 no 4 

0.0042 M 


During periods of low light intensity ammonia nitrate was omitted from the 
solution. Minor elements were included in the concentrations recommended 
by Hoagland (3). In series 1 the solution was supplied twice daily by a 
manually operated air pressure type subirrigation system. In series 2, ap¬ 
proximately 500 ml. of nutrient solution was supplied manually each day. 
Unbalanced solution was removed by weekly leaching with distilled water. 
The indoleacetic acid was supplied in the nutrient solution at a level of 1 
p.p.m. when the subirrigation culture was employed. In the latter series it 
was added separately and cumulatively each day in such amounts as to pro- 
1 Published with the approval of the Director of the Wisconsin Agricultural Experi¬ 
ment Station. 
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duce a concentration of 0.2 p.p.m. in the solution, assuming saturation of 
the sand. 

Normal greenhouse conditions prevailed. During periods of high light 
intensity, plants were kept in whitewashed houses having intensities of ap¬ 
proximately 1000 foot candles. This was similar to the intensity employed 
by Eaton (2). Summer temperatures varied between 65° to 90° F. during 
the day and 60° to 80° F. during the night. Winter temperatures were 65° 
to 70° F. and 60° to 65° F., respectively. Photoperiods were normal during 
the summer months and were lengthened to 16 hours by means of incandes¬ 
cent lamps during the winter. 


TABLE I 

Series 1. Effect of indoleacetic acid on growth of plants in the presence and 

ABSENCE OF BORON IN THE NUTRIENT MEDIUM 


Plant, treatment, 

AND DATE OF SAMPLING 

Days of 

IAA 

TREAT¬ 

MENT** 

Wet weight 

OF TISSUE 

PER PLANT 

Dry weight 

OF TISSUE 

PER PLANT 

Dry MATTER 

Top 

Root 

Top 

Root 

Top 

Root 

Top 

Root 

June 26,1941 
Sunflower, CN 1 

! 

. 

f/m. 

gin. 

gm. 

gm. 

% 

% 



41.7 

15.9 

3.73 

0.80 

8.9 

5.0 

4.6 

44 CN-B 

. 

; 

15.3 

6.2 

1.61 

0.40 

9.5 

6.5 

4.0 

4 4 CN + IAA 1 

15 

40.0 

16.9 

3.17 

0.95 

7.9 

5.6 

3.5 

44 CN + IAA-B 

15 

18.2 

6.7 

1.65 

0.44 

9.1 

6.6 

3.8 

Cotton, CN 


21.8 

8.9 

2.27 

0.52 

9.6 

5.9 

4.4 

4 4 CN-B 


8.1 

3.8 

1.08 

0.32 

10.3 

8.4 

3.4 

44 CN4 IAA 

15 

19.4 

6.95 

2.13 

0.36 

11.0 

5.2 

5.9 

44 CN -f IAA-B 

15 

12.3 

8.3 

1.14 

0.47 

9.3 

5.6 

2.4 

Soybean, CN 


28.6 

18.9 

4.26 

1.27 

14.4 

6.7 

30 

4 4 CN-B 


18.9 

15.8 

2.83 

1.05 

15.0 

6.0 

3.8 

44 CN + IAA 

15 

32.6 

20.9 

4.71 

1.35 

14.4 

6.5 

2.9 

44 CN + IAA-B 

15 

15.8 

13.2 

2.72 

0.95 

15.5 

7.2 

2.9 

Dec. 13, 1941 









Tobacco, CN 


253.6 

32.8 

20.80 

2.68 

9.2 

8.2 

7.8 

4 4 CN-B 


101.0 

15.4 

9.99 

1.52 

10.9 

9.9 

6.6 

44 CN 4- IAA 

65 

252.7 

41.7 

21.98 

3.61 

10.4 ! 

8.7 

8.3 

44 CN +IAA-B 

65 

167.7 | 

21.6 | 

14.42 

1.86 | 

7.5 j 

8.6 

7.8 


1 CN, complete nutrient; IAA, indoleacetic acid. 

2 Concentration 1.0 p.p.m. in nutrient solution. 


Under the conditions used, boron deficiency symptoms appeared in those 
plants not receiving this element without regard to the presence or absence 
of indoleacetic acid. No compensatory action was noted either in the time 
of onset or degree of intensity of deficiency symptoms. This observation 
was substantiated by anatomical observations of the stems. 2 Examination 
of sections of stem taken at the fourth internode from the stem tip showed 
the necrotic areas typical of boron deficiency in the region of the first formed 
xylem and the surrounding xvlem parenchyma cells regardless of the pres¬ 
ence of indoleacetic acid in the culture. 

Examination of the data showed that in only one instance was there any 
2 Appreciation is expressed to B. Esther Struckmeyer, Department of Horticul¬ 
ture, University of Wisconsin, who prepared and examined these sections. 
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significant increase in the dry weight of boron deficient plants receiving in- 
doleacetic acid (tables I and II). In this instance, the tobacco harvested on 
December 19,1941, was significantly higher when indoleacetic acid was sup¬ 
plied. It had been noted, however, that the symptoms of boron deficiency 
appeared somewhat earlier in those plants receiving indoleacetic acid and 
more secondary tissue was produced from developing axillary buds. Re¬ 
newed growth in such circumstances is frequently observed in tobacco that 
has become severely deficient (6). It is believed that the somewhat greater 
mass of tissue produced by plants receiving indoleacetic acid may have 
been principally due to the earlier appearance of initial symptoms. No 
significant correlations of moisture content or root-top ratios to the presence 
or absence of either boron or indoleactic acid were found. 

Discussion 

It is recognized that the technique employed in this study differed in 
several major respects from that of Eaton (2). He used unaerated solu¬ 
tion culture and produced symptoms of boron deficiency at a much earlier 
stage of growth than is possible under normal conditions in sand cultures. 
Whether any protective action of indoleacetic acid in conditions producing 
boron deficiency is more efficient in the seedling than in the more mature 
plant is, as yet, undetermined. The concentration of indoleacetic acid, 
moreover, was higher in the sand culture experiments. 

It may be that other environmental factors are involved in the differ¬ 
ences of results obtained. Eaton noted that the protective action of indole¬ 
acetic acid was largely nullified by high light intensities (2), and it may be 
that this effect is more pronounced in the older plants. It has also been 
observed that the severity of boron deficiency may be accentuated by high 
levels of calcium (6). The solution employed in this study contained higher 
levels of calcium ion than did that used by Eaton in his study. Hoagland 
and Snyder (4) have suggested that the degree of aeration of nutrient solu¬ 
tions may be related to the severity of boron deficiency. Suitable conditions 
for repeating these experiments under more rigidly controlled conditions of 
light intensity and other environmental factors are not available to us. 
Elucidation of a possible relation between boron and the auxins, however, 
might well provide valuable insight into the metabolic function of both. 

Examination of the data indicates, however, that under the conditions 
employed any appreciable replacement of boron by indoleacetic acid in 
growing plants was absent. Whether or not it occurs under more suitable 
and limited environmental conditions is still unknown. 

Summary 

No significant alleviation of boron deficiency by indoleacetic acid was 
noted in sand culture under normal greenhouse conditions with tomato, 
cotton, sunflower, soybean, and tobacco plants. 

Univebsity op Wisconsin 
Madison, Wisconsin 
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GERMINATION OF A8Y8TA8IA OANQETICA L. SEED WITH 
SPECIAL REFERENCE TO THE EFFECT OF AGE ON 
THE TEMPERATURE REQUIREMENT FOR 
GERMINATION 1 

Ernest K. Akamine 
Received January 30,1947 

Introduction 

Freshly harvested seed of Asystasia gangetica L., an ornamental shrub, 
does not germinate well under ordinary conditions. This seed normally 
requires a storage period of several months at room temperature before it 
germinates. The purpose of this investigation is to determine the require¬ 
ments for germination of the seed at different ages. 

The literature on the use of alternating temperatures to break the dor¬ 
mancy of seeds is voluminous, and no attempt will be made here to refer to 
all of the reported cases. Harrington (2) extensively studied the use of 
alternating temperatures to increase the germination of seeds of grasses 
and garden crops. Morinaga (3) increased the germination of Bermuda 
grass seed with alternating temperatures. Toole (4) also used alternating 
temperatures to improve the germination of other grass seeds. It has been 
the experience of the author that the germination of seeds of some of the 
grass species grown on Hawaiian ranges is materially improved by the use 
of alternating temperatures (1). 


Methods 

Seeds used in the investigation reported herein were harvested at 
maturity from Asystasia plants grown on the Hawaii Agricultural Experi¬ 
ment Station grounds. Curing was effected by storing the seeds at room 
temperature conditions until they were used for germination tests. 

Germination tests were conducted in Petri dishes using filter paper 
moistened with distilled water. > Ovens and cold storage chambers were 
used for temperature variations. Temperatures employed consisted of: 
6.6°-10.2°, 15.0°, 20.8°-28.0° (room temperature), 29.9°-33.2°, and 36.0° C. 
and combinations of these for the alternating temperatures. For tempera¬ 
ture alternations, the Petri dishes with the seeds therein were transferred 
from one temperature to another at regular intervals. The schedule of 
daily alternating temperatures listed in table I was followed, and except 
in some unavoidable cases, the daily 8-hour period extended from 8 a.m. to 
4 p.m. and the 16-hour period from 4 p.m. to 8 a.m. the following day. The 
number of seeds used for the germination tests varied from 25 to 100 seeds 
per treatment. In a few cases where the seed supply was sufficient, re¬ 
plicated tests were conducted. 

i Published with the approval of the Director as Technical Paper no. 155 of the 
Hawaii Agricultural Experiment Station. 
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Results 

Results of many tests to increase the germination of freshly harvested 
seed of Asystasia indicated that temperature has a marked influence on 
germination and that the alternating temperature treatment is the most 
effective. At continuous temperatures the dormant seed does not germinate 
as well as at alternating temperatures. Whatever temperature treatment 
is necessary to break the dormancy, a minimum temperature of approxi¬ 
mately 20° C. must be provided for actual germination. 

Removal of the seedcoat of normally dormant seed produces a germina¬ 
tion of approximately 75% at room temperature, whereas the intact seed 
produces no germination or at best a very low germination. The maximum 
germination produced by this treatment, however, is not so high as the 

TABLE I 

Schedule of daily alternating temperature treatments 


! 

Temperature alternation 

Period at 

LOWER 

TEMPERATURE 

Period at 

HIGHER 

TEMPERATURE 

°C. | 

hours 

hours 

6.0-10.2 to 15.0 

6.6-10.2 to 20.8-28.0 

8 

16 

(room temperature) 

8 1 

16 

6.6-10.2 to 29.9-33.2 

8 

16 

6.6-10.2 to 36.0 

8 

16 

15.0 to 20.8-28.0 

8 ' 

16 

15.0 to 29.9-33.2 

8 

16 

15.0 to 36.0 

8 

16 

20.8-28.0 to 29.9-33.2 

16 

8 

20.8-28.0 to 36.0 

16 

8 

20.9-33.2 to 36*0 

16 

8 


germination (about 90% and over) obtained by the use of optimum alter¬ 
nating temperatures. 

After performing a number of germination tests with seeds harvested 
at different times, it became apparent that seeds of different ages respond 
differently to the various temperature treatments. Attempts were then 
made to determine the temperature requirement for maximum germination 
at different ages (since harvest). A complete tabulation of all of the data 
is not included in this report, but a compilation of some of the results ob¬ 
tained in these trials is reoordec^ in table II and a resum4 of all tests con¬ 
ducted on different Icpt'nf seed harvested at various times is presented in 
table III which shows the temperature requirement for germination of seed 
of different afce groups. 

From tables II and III it is seen that for germination after one week of 
curing, the fresh seed requires a severe temperature treatment, and as the 
seed ages, this treatment becomes less and less severe until finally the seed 
requireg'no special treatment and germinates at room temperature (20.8°- 
28.0° C.). When the seed is only two to seven days old, it requires an 
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TABLE II 

Effect of temperature variables on the germination of Asystasia gangetica L. 

SEED OF DIFFERENT AGES 


Age of 

SEED SINCE 
HARVEST* 

Temperature treatment 

No. OF 

SEEDS USED 

Germi¬ 
nation in 

TWO WEEKS 

days 


c C. 


% 


Alternating 

6.6-10.2 to 20.8-28.0 





(room temperature) 

100 

51.7 


4 4 

6.6-10.2 to 29.9-33.2 

100 

67.2 


i 4 

6.6-10.2 to 36.0 

100 

51.7 


1 4 

15.0 to 20.8-28.0 

100 

86.0 

7 

4 4 

15.0 to 29.9-33.2 

100 

88.0 


4 4 

15.0 to 36.0 

100 

63.0 


Continuous 

20.8-28.0 

100 

1.7 


Alternating 

20.8-28.0 to 29.9-33.2 

100 

84.7 

1 “ 

20.8-28.0 to 36.0 

100 

93.2 

Alternating 

6.6-10.2 to 29.9-33.2 

75 

91.9 

4 4 

6.6-10.2 to 36.0 

75 

100.0 

Continuous 

20.8-28.0 

73 

0.0 

14 

1 Alternating 

20.8-28.0 to 29.9-33.2 

75 

30.0 

4 4 

20.8-28.0 to 36.0 

75 

60 0 

1 Continuous 

29.9-33.2 

75 

0.0 

4 4 

36.0 

75 

26.lt 

Alternating 

6.6-10.2 to 29.9-33.2 

100 

97.4 


i ‘ ‘ 

6.6-10.2 to 36.0 

100 

68.4 

; 

: 

! 4 4 

15.0 to 20.8-28.0 

100 

93.0 

20 

4 4 

15.0 to 29.9-33.2 

100 

94.0 

4 4 

15.0 to 36.0 

100 

76.0 

4 4 

20.8-28.0 to 29.9-33.2 

100 

44.7 


| 4 4 

20.8-28.0 to 36.0 

100 

50.0 


Alternating 

6.6-10.2 to 20.8-28.0 

100 

94.7 

4 4 

6 6—10.2 to 29.9-33.2 

100 

90.0 

4 4 

6.6-10.2 to 36.0 

100 

84.2 

2X 

Continuous 

20.8-28.0 

100 

5.2 


Alternating 

20.8-28.0 to 29.9-33.2 

100 

79.7 


4 4 

20.8-28.0 to 36.0 

300 

87.3 


Continuous 

29.9-33.2 

100 

12.1 


4 i 

36.0 

100 

29.31 


Alternating 

13.0 to 20.8-28.0 

100 

99.0 

5 H 

4 4 

20.8—28.0 to 29.9-33.2 

100 

56.0 


4 4 

20.8-28.0 to 36.0 

100 

35.0 


Alternating 

15.0 to 20.8-28.0 

50 

87.0 

S4 

Continuous 

20.8-28.0 

50 

80 


Alternating 

20.8-28.0 to 29.9-33.2 

50 

84.0 


4 4 

20.8-28.0 to 36.0 

50 

92.0 


Continuous 

20.8-28.0 

25 

16.7 


Alternating 

20 8-28.0 to 29.9-33.2 

25 

91.7 

112 

4 4 

20.8-28.0 to 36.0 

23 

89.0 


Continuous 

29*9—33.2 

25 

0.0 


4 4 

36.0 

25 

41.71 


Alternating 

15.0 to 29.9-33.2 

25 

91.7 

: 

Continuous 

20.8-28.0 

25 

96.8 

140 

Alternating 

20.8-28.0 to 29.9-33.2 

25 

100.0 


Continuous 

29.9-33.2 

25 

41.7 


4 4 

36.0 

23 

50.01 


* Seed eurod and stored at room temperature conditions. 

t Even though germination at 36.0° C. was superior to that at 29.9°-33.2° C., it is 
probable that the higher temperature is excessive for germination of the seeds continu¬ 
ously exposed to it because injury to the seeds was apparent at this temperature. 
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alternation between room temperature and 36.0° C. for germination. When 
the seed is 8 to 14 days old, it requires a more drastic treatment—an alterna¬ 
tion between the lowest and the highest temperatures used. This differ¬ 
ence in the germination requirement in the two age groups is probably due 
to the fact that in one case the seed—especially the seedcoat—is not fully 
cured, thus requiring a less severe treatment, whereas in the other, the seed 
is fully cured, thus requiring more extreme temperatures in the alternation. 
When the seed is older than 14 days, it requires less and less drastic treat¬ 
ment for germination as the seed ages. Finally when the seed is 135 days 
old and older it germinates normally at room temperature. 


TABLE III 

The optimum tempeeatube conditions toe maximum oebmination at the vabious 
ages of the seed of Asystasia gangelica L. 


Age or 

SEED SINCE 
HARVEST* 

Temperature required for maximum germination 

days 


°c. 

2 to 7 

Alternating 

20.8-28.0 (room temperature) to 36.0 

8 to 14 

< i 

6.6-10.2 to 36.0 

15 to 26 

< ( 

6.6-10.2 to 29.9-33.2 

27 to 36 

i ( 

6.6-10.2 to 20.8-28.0 

37 to 82 

i t 

15.0 to 20.8-28.0 

83 to 88 

t ( 

20.8-28.0 to 36.0 

89 to 134 

a 

20.8-28.0 to 29.9-33.2 

135 to 168 

Continuous 

20.8-28.0 or alternating 20.8-28.0 to 29.9-33.2 


* Seed cured and stored at room temperature conditions. 


Discussion 

Since removal of the seedcoat promotes germination at room tempera¬ 
ture, though not to a degree of alternating temperatures, it seems that the 
cause of dormancy in the freshly harvested seed of Asystasia mainly lies 
in the nature of the seedcoat. The difference in germination percentage 
resulting from the removal of seedcoat and the use of alternating tempera¬ 
tures is probably due to the more favorable influence of the alternating 
temperatures on the respiration process of the seed. The seedcoat readily 
allows passage of water, but it probably restricts the passage of gases in¬ 
volved in respiration. Removal of the seedcoat might eliminate this ob¬ 
struction to gas movement. 

A higher germination with alternating temperatures than with con¬ 
tinuous temperatures was obtained in dormant Asystasia seed (table II). 
Harrington (2) states that the beneficial effect of alternating temperatures 
on germination Is due not to the specific effect of the extreme temperatures 
of the alternation or to the mean temperature of the alternation but to the 
changes in the temperatures. Since removing the seedcoat allows for 
germination, it seAns probable that the alternating temperatures render 
the intact, seedcoat more permeable to essential materials required for 
germination. 
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Since the severity in the temperature alternation necessary for germi¬ 
nation decreases with the increase in age of the seed (tables II and III), it 
seems that normally the change in permeability comes about through the 
aging (after 7 days) of the seedcoat. Perhaps simultaneously the after¬ 
ripening process proceeds as the seed ages. Thus with the aging of the seed, 
the severity of the temperature treatment required for germination de¬ 
creases until finally when the seedcoat is no longer an obstruction to essential 
materials the seed germinates under ordinary conditions. 

Summary 

1. Freshly harvested seed of Asystasia gangetica L. does not germinate 
well at room temperature. 

2. After a period of approximately 135 days in ordinary storage, it 
germinates readily at room temperature. 

3. Seeds between the ages of 8 and 134 days require an alternation of 
temperatures for germination, the severity of which is related to the age of 
the seed—the younger the seed the more severe the required treatment and 
vice versa. 

The author is gratefully indebted to Dr. Harry F. Clements, Plant 
Physiologist, Hawaii Agricultural Experiment Station, for his aid in the 
preparation of the manuscript and to H. Kamemoto of the Horticulture 
Department for making the seed available. 

Division of Plant Physiology 

Hawaii Agricultural Experiment Station 
University of Hawaii 
Honolulu 10, T. H. 
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THE EFFECT OF ULTRAVIOLET LIGHT ON SUBSEQUENT 
RIPENING OF THE FRUIT OF THE TOMATO 
(LYC0PEB8IC0N ESCULENTUM) 

E R S T 0 N V. M I L L E E 1 AND HAROLD A . SCHOMER 
Beceived August 31, 1946 

Introduction 

While conducting physiological studies on the development of color in 
Florida oranges, it was observed that frequently midseason fruits developed 
a rich orange color when they were growing on the northwest side of the tree 
and a pale yellow color when growing on the southeast side. It appeared 
that this difference in color of the fruits was in some way related to the 
unequal exposure to sunlight and quite possibly the result of different 
amounts of ultraviolet light received. A few tests were therefore made to 
determine the effects of ultraviolet irradiation on pigment development in 
fruits in the hope that the information obtained might contribute to a better 
understanding of color development in citrus fruits. Preliminary studies 
indicated that ultraviolet irradiation of harvested, mature-green oranges 
retarded the rate of degreening of these fruits but did not in any way effect 
the yellow pigments. The conditions in the laboratory in these experiments 
were not quite comparable to those existing in the grove because oranges do 
not show an increase in carotenoid pigments after removal from the tree. 
However, it was not practicable to subject the oranges to ultraviolet irradi¬ 
ation while they were still attached to the tree. The only alternative was to 
select a fruit which had been shown to increase in carotenoid pigments after 
removal from the parent plant. It was for this reason that subsequent 
experiments were conducted with fruits of the tomato (Lycopersicon cscu- 
lentum). 

Materials and methods 

Mature green tomatoes were sorted into lots of 10 to 20 each, the fruits 
in each lot being comparable in regard to size and degree of maturity.* One 
lot (original sample) was analyzed immediately for chlorophyll and caro¬ 
tenoid pigments. Other lots were given ultraviolet irradiation by means of 
a “Sterilamp” 3 placed 18 inches above the fruits. The position of the 

1 Now Professor of Biology, University of Pittsburgh, Pittsburgh, Pennsylvania. 

2 The term “mature green” is applied to green tomatoes that will ripen after removal 
from the vine. They consist of fruits that have advanced from the dark green to the light 
green stage. However, since these changes are progressive and since the fruits are selected 
entirely by appearance, the term actually represents a range rather than a specific stage 
of maturity. In making up the experimental lots an attempt was made to select fruits of 
a uniform color. 

» According to ^estinghouse Company, manufacturers of the “Sterilamp,” energy 
is emitted by this .lamp in wave lengths ranging from 2537 to 5780 Angstrom units, with 
the lower wave lengths representing 83.03% of the total. The intensity at a distance of 
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tomatoes was reversed during the period of exposure'in order to permit both 
stem-end and blossom-end to receive an equal amount of irradiation. A 
stream of air directed over the irradiated fruits prevented the temperature 
from rising above that of the control lot. Following the irradiation the 
tomatoes were held in the 70° F. room until the majority of the control fruits 
were fairly well colored. In most cases the fruits were given a preliminary 
treatment with ethylene gas, in order to shorten the time required for 
ripening. 

Total chlorophyll and total carotenoid pigments were determined by a 
method reported previously ( 2 , 3 ). Essentially, the method consisted of 
extraction of the fresh pulp with acetone, transferring the extract to petro¬ 
leum ether, and purifying. The chlorophyll was separated by saponification 
and determined colorimetrieally by means of a Clifford photometer. The 
total carotenoids (remaining in the petroleum ether) were likewise deter¬ 
mined colorimetrieally. Total acidity was determined by extracting 100 
grams of the pulp with boiled distilled gater, filtering, and titrating the 
filtrate with standard NaOH. Details of this, method have been published 
elsewhere (1). 

Results 

The results obtained in the first experiment are presented in table I. It 
will be noted that at the end of the ripening period all of the fruits in lot 2 
(no irradiation) were either pink or red. Lot 3 (3 hours’ irradiation) con¬ 
tained seven pink and no red fruits, while lot 4 (5 hours’ irradiation) con¬ 
tained six pink fruits and one red fruit. The others in these two lots were 
either green or turning. That the exposure to ultraviolet light retarded 
ripening was evidenced by both the failure to lose the green color and the 
failure to produce the orange red pigments. 

In order to express the data quantitatively the fruits were analyzed for 
chlorophyll and carotenoid pigments. These data are also presented in 
table I. The sample taken at the beginning of the experiment (lot 1) con¬ 
tained 2.85 milligrams of chlorophyll and 0.417 mg. of carotenoid pigments 
per 100 grams of flesh. After the two days’ ripening period the control lot 
contained 0.55 mg. of chlorophyll and 1.662 mg. of total carotenoids per 100 
grams. The two irradiated lots had not lost as much chlorophyll nor had 
they produced as great a quantity of carotenoid pigments as the control lots 
during the same time. Lot 3 (irradiated 3 hours) contained 1.12 mg. of 
chlorophyll and 1.125 mg. of total carotenoids. Lot 4 (five hours’ irradi¬ 
ation) contained 1.00 mg. of chlorophyll and 1.140 mg. of t total carotenoid 
pigments per 100 grams of flesh. In other words, the control lot had pro¬ 
duced at least 45% more carotenoid pigments than had the irradiated lots. 

Table II shows the effect of ultraviolet irradiation on the subsequent 

18 inches would be equal to 150.19 microwatts per square centimeter. The shortest meas¬ 
urable rays in solar radiation are approximately 2900 Angstrom units. It is thus apparent 
that the radiations' from the Sterilamp were not equivalent to the ultraviolet radiation in 
sunlight. 
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TABLE I 

Effect op ultraviolet irradiation on subsequent ripening op tomato pruitb 


Lot 

Period of 

Number of fruits in each 

COLOR GROUP 

Total 

CHLORO¬ 

PHYLL 

Total ' 

IRRADIATION 



Pink 

Red 

carotenoids 

1 

0 (orig. sample) 


0 

0 

H 

mg ./100 gm. 
2.85 

mg./100 gm. 
0.417 

2* 

0 (control) 


0 

5 


0.55 

1.662 

3 

3 hours 


1 

7 

B 

1.12 

1.125 

4 

5hour8 


0 

6 

■fl 

1.00 

1.140 


* Record made of lots 2, 3, and 4 after two days in ethylene. 


ripening of Rutgers tomatoes. It is significant that there were no fully ripe 
tomatoes in any lot except the one receiving no irradiation. In fact, there 
were no pink fruits in any irradiated lot except number 4 (two hours’ irradi¬ 
ation) , which contained eleven. Some of the fruits in this lot may have been 
more mature than others when sorted. Except for those in lot 4 none of the 
irradiated fruits had progressed beyond the “green” or “turning” stage 
at the end of the ripening period. 

Table III shows the results of a second experiment conducted with Rut¬ 
gers tomatoes in Florida. The original sample contained 2.13 mg. of chloro¬ 
phyll and 0.225 mg. of total carotenoids per 100 grams of flesh. After two 
days in ethylene and five days in air at 70° F. the control lot had lost all of 
its chlorophyll and had produced 5.24 mg. of total carotenoids per 100 grams 
of flesh. As in previous experiments the fruits in the irradiated lots lost less 
chlorophyll and produced less carotenoid pigments than did those in the 
control lots. The values for these two lots expressed as mg. of pigment per 
100 grams of flesh are as follows: Lot 3 (two hours’ irradiation), 1.19 mg. of 
chlorophyll and 2.120 mg. of carotenoids; lot 4 (four hours’ irradiation), 
1.00 mg. of chlorophyll and 0.657 mg. of carotenoids. 


TABLE II 

Effect of ultraviolet irradiation on subsequent development of 

COLOR IN GREEN TOMATOES* 


Lot 

Period of 
irradiation 

Number of fruits in each color group 

G^een 

Turning 

Pink 

Red 

1 

0 (orig. san^ple) 

18 

0 

0 


2 

0 ^control) 

7 

5 

2 

4 

3 

1 hour 

8 

10 

0 

0 

4 

2 hours 

2 

5 

11 

0 

5 

3 hours 

9 

9 

0 

0 

6 

4 houfs 

14 

4 

0 I 

0 


* Record on all but original sample made after two days in ethylene and five days in 
Air at 70° F. 
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It seemed desirable at this time to determine whether ripening processes, 
other than development of color, were affected by the ultraviolet light. 
Accordingly the pulp of the fruit in the last experiment was analyzed for 
total acids. The control lot contained 0.540% acid; the lot receiving two 
hours’ irradiation, 0.630%; and the lot which was irradiated four hours con¬ 
tained 0.755%. These data indicate that exposure to ultraviolet light retards 
the loss of acidity in green tomatoes. 


TABLE III 

Effect of ultraviolet irradiation on total chlorophyll, carotenoids, and 

ACIDS IN GREEN TOMATO FRUITS* 


Lot 

Period of 

IRRADIATION 

Chlorophyll 

Carotenoids 

Acid 

1 

0 (orig. sample) 

mg./100 gm. 
2.13 

mg./100 gm. 
0.225 

% 

2 

0 (control) 


5.240 

0.540 

3 

2 hours 

1.19 

2.120 

0.630 

4 

4 hours 

1.00 

0.657 

0.755 


* Record on all but original sample made after two days in ethylene and five days in 
air at 70° F. 


Discussion 

When a mature green tomato is removed from the vine it will, under satis¬ 
factory conditions, lose its green pigment and develop a good red color. The 
green pigment disintegrates and a considerable quantity of the orange-red 
pigments is manufactured. Ultraviolet irradiation has been shown to arrest 
both the destruction of the green and the production of the orange-red pig¬ 
ments. Smith (4) has reported that lycopene formation in tomatoes is 
favored by protection from the light whereas exposure to light is conducive 
to the development of carotene. Since lycopene constitutes the bulk of the 
carotenoid pigments in ripe tomatoes, it is apparent in these experiments that 
ultraviolet irradiation inhibits formation of lycopene. 

A maturing orange, while still on the tree, is much like a tomato in that 
the chlorophyll is decreasing while the carotenoid pigments are increasing. 
Once an orange is removed from the tree, however, the green pigments dis¬ 
appear, revealing the yellow pigments that have been manufactured up to 
this point, but there is no increase in carotenoid pigments after the orange 
has been harvested. This is the reason that the oranges that have been 
degreened with ethylene usually have a pale yellow and not a deep orange 
color. 

Chromatographic analyses in this laboratory have indicated that while 
there is a certain amount of carotene in orange rinds, the deep orange color 
is due to lycopene. This applies to the highly colored oranges of the Manda¬ 
rin type, to the sweet oranges grown in the northern part of Florida, and 
even to midseason oranges produced on the northwest side of the trees. 

Evidence that ultraviolet light in the sun prevents the formation of pig- 
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merits in the exposed fruits on the southeast side of the tree is therefore only 
circumstantial and should not be taken too seriously, but it suggests that this 
is a field which should be explored for both practical and scientific reasons. 

Summary 

Exposing mature green fruits of the tomato (Lycopersicon esculentum) 
to the rays of an ultraviolet lamp tended to retard subsequent ripening. The 
irradiation retarded the loss of chlorophyll, the development of carotenoid 
pigments, and the reduction of acidity. 

Department of Biology 

University of Pittsburgh 

Pittsburgh, Pennsylvania, and 
Division of Fruit and Vegetable Crops and Diseases 
U. S. Horticultural Field Laboratory 
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ON GROWTH AND ALKALOID CONTENT OF 
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Received July 5, 1947 

Introduction 

Soil moisture in Cinchona "rowing regions may fluctuate greatly with 
seasonal changes in rainfall; prolonged droughts are experienced almost 
annually. On the other hand, during the peak of the rainy season the 
same soils may remain at or near saturation for extended periods. For 
example, at the Toro Negro National Forest in Puerto Rico, where Cinchona 
is being grown experimentally, the 23-year-average rainfall for two-week 
periods from January 1 to March 25 was 2.04 inches with frequent periods 
of drought. In the current year only 0.21 inch fell during January. From 
August 13 to November 18 rainfall averaged 5.69 inches for two-week 
periods. The average total annual rainfall for 23 years was 96.37 
inches (4). 

The above extremes in soil moisture may be expected to exert marked 
influence on the growth and composition of Cinchona. Heinicke, Boynton 
and Reutiieb (3) demonstrated that a flooded (poorly aerated) soil pro¬ 
duced symptoms in the apple typical of boron deficiency when the soil was 
not deficient in that element. It was also indicated that lack of oxygen in 
the soil interfered with the absorption of nitrogen and potassium. Wager 
(6) showed that avocado plants were more susceptible to disease if grown 
in a flooded soil than if watered normally. 

During the first year from seed, Cinchona plants are primarily herba¬ 
ceous. It is during this tender stage that soil moisture is most likely to be 
a critical factor affecting growth. Since the plants are grown in palm-leaf- 
covered nurseries during this stage it is fairly easy to correct a deficiency 
of soil water by irrigation, but more difficult to prevent an excess during 
the rainy season. Cinchona nursery plantings have been observed -which 
were apparently healthy during three-fourths of the year, but with the 
advent of heavy daily rains during the peak of the rainy season the plants 
developed symptoms typical of nutrient deficiencies and many succumbed 
to fungus attack. 

The experiment reported here was designed to study the effect of low, 
medium, and high levels of soil moisture on growth and alkaloid content 
of young Cinchona ledgeriana seedlings under controlled conditions. 

«13 
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Materials and Methods 

In March 1946 seedlings of Cinchona ledgeriana were transplanted to 
soil in concrete benches located in three air-conditioned greenhouse cham¬ 
bers, described elsewhere (7). The bench in each chamber was divided 
into three randomized plots each about 25 inches square. The plots were 
separated by a double partition of boards spaced 4 inches apart. One hun¬ 
dred and forty-five pounds of a uniform mixture of soil were placed in each 
plot. The soil consisted of equal parts of clay loam, silica sand, peat moss, 
and leafmold. ' The wilting point was 9.5% moisture and the field capacity 
approximately 36%. The wilting coefficients were determined as the per¬ 
centage of moisture remaining in the soil at the time of permanent wilting 
of soybean plants growing in the soil. With this information on soil mois¬ 
ture characteristics it was possible to establish treatments as follows: (1) 
Low soil moisture ranging between 9 and 13%, (2) medium soil moisture 
ranging between 18 and 24%, and (3) high soil moisture ranging between 
30% and field capacity. 

The Cinchona seedlings were selected for uniformity and were about 4 
inches high when transplanted. Sixteen seedlings, five inches apart, were 
planted to each plot. 

The temperature in all chambers was maintained at 75° P. during the 
day and 65° F. at night. In the previous experiment (7) this temperature 
was found to be the most favorable for growth of C. ledgeriana. Relative 
humidity was maintained as high as possible by continually spraying the 
floors with water. During the middle of the day relative humidity usually 
dropped to 60 or 70% but most of the time it ranged between 80 and 95%. 

All plots were watered uniformly at regular intervals through March 
and most of April. On April 25 all plots were watered to field capacity 
and then allowed to dry gradually until the wilting percentage was ap¬ 
proached on June 14. Samples for soil moisture determinations were taken 
at weekly intervals during the drying period and from these data the ap¬ 
proximate rate of water loss in each plot was calculated. Since the weight, 
volume, wilting point, and field capacity of the soil were the same in each 
plot it was possible to determine fairly closely the amount of water needed 
to bring the soil moisture content to the desired levels. 

At the time the differential soil moisture treatments were begun on June 
21 the soil moisture in all plots was near the wilting point. Different vol¬ 
umes of water were added to the tarious plots in order to raise the level of 
soil moisture to the maximum percentage for each treatment range. For 
example, sufficient water was added to the low-moisture plots to bring the 
level to 13%, io the medium-moisture plots to bring the level to 24%, and 
to the high-moisttire plots to bring the level to field capacity. The approxi¬ 
mate volume of prater necessary thereafter for each plot was determined 
from tables prepared from data obtained as described above. The required 
volume of water for each plot was applied uniformly over the entire area 
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with a sprinkling can. At intervals of 7 to 10 days soil plugs £ inch in 
diameter were taken from four locations in each plot. Each plug extended 
to the entire depth of the plot so that the moisture percentage obtained rep¬ 
resented a fair average of the volume of soil in which the roots were dis¬ 
tributed. After the sample was taken the holes were filled and a new loca¬ 
tion sampled at the next date. The percentages of soil moisture were 
determined from the loss in weight of soil dried for 24 hours at 105° C. 
From the soil moisture data thus obtained it was possible to estimate the 
approximate time required for a plot to reach the point when water should 
be needed. Also, maintenance of the desired soil moisture percentages was 
facilitated by the fact that the rate of water loss by transpiration and 
evaporation was fairly uniform due to controlled temperature and humidity 
in the chambers. 

The experiment was terminated on January 6, 1947, at which time the 
soil was washed from the roots. Data on height and fresh and dry weights 
were obtained and the top-root ratio was calculated. The roots and stems 
were analyzed for quinine and total alkaloids by the method described by 
LoustaijOt and Pagan (5). The leaves were analyzed for ash, nitrogen, 
phosphorus, potassium, calcium, and magnesium by the methods outlined by 
Drosdoff and Painter (1). 

Results 

Effect of soil moisture on growth and alkaloid content 

Figure 1 shows a weekly record of the soil moisture percentage in the 
three plots of replication Number 1 at the various sampling dates from 
June 18, 1946, to January 4, 1947. These data are typical of those from 



Fio. 1. A typical soil moisture record for plots maintained at high-, medium-, and 
low-moisture levels. Growth of Cinchona seedlings in these plots is shown in figure 2. 


the other two replications. There were some rather wide fluctuations in 
soil moisture at first, particularly in the medium-soil-moisture plots, but 
with additional experience it was possible later to control the soil moisture 
within the designated range. The moisture level that fluctuated the least 
and consequently was the easiest to control was the low-soil-moisture treat- 
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Fig. 2. Left to right: typical Cinchona plants giown in plots maintained at high, 
medium, and low levels of soil moisture. Note ci inkling and spotting of tip leaves of 
plant grown in high soil moisture on the left (see also figure 3). 

ment. Only sufficient water was supplied in this treatment to keep the 
soil moisture about 1 to 3% above the wilting percentage of 9.5 Although 
on several occasions the soil moisture dropped below the wilting percentage, 
there was no pronounced evidence of wilting. This was probably due to 
the fact that the temperature in the chambers was cool and the humidity 



FiO. 3. Leaves of Cinchona showing from left to right progressive stages of disease 
symptoms oil plants subjected to continuous high soil-moisture conditions. 
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relatively high, a situation similar to that occurring in most commercial 
cinchona plantations. ' 

About three months after the treatments were started, small yellow spots 
which later became necrotic appeared systematically between the veins of 
leaves of plants in the high-soil-moisture plots (figs. 2 and 3). This dis¬ 
order which somewhat resembles magnesium deficiency (2) or manganese 
toxicity in other plants later became more pronounced and occurred on 
nearly all the plants in the high-soil-moisture treatment. Some of the plants 
lost as much as three-fourths of their foliage. A few of the plants in the 
medium- and low-soil-moisture plots showed these symptoms but the inci¬ 
dence was less than one-tenth that in the high-soil-moisture plots. This dis¬ 
order often has been observed on young cinchona trees in the station plant¬ 
ing at Toro Negro at 3,200 feet elevation. It is not certain if the disease 
is pathological or physiological or a combination of both, but it is clear that 
a high-soil-moisture condition is associated with it. 

It is evident from data in table I that seedlings grown at the low-soil- 

TABLE I 

Survival \nd growth ok Cinchona Udgertana under low , medium , and 

HIGH SOIL MOIST IRE CONDITIONS 


Soil moisti re 

Av. 

AV. FRESH 

AV. DRY 

Dry 

Sur¬ 

Top-root 

TREATMENT 

HEIGHT 

WEIGHT 

WEIGHT 

MATTER 

vival 

ratio 


cm. 

gin. 

gm. 

% 

% 


Low 

(9 to 13%) 

Medium 

38.9 

23.9 

6.3 

26.4 

95.8 

6.3 

(18 to 24%) 

56.4 

43.8 

10.2 

22.2 

97.9 

8.4 

High ^ 

(30% to field capacity) 

64.3 

| 45.7 

9.9 

21.7 

95.8 

7.0 


moisture level made less growth as measured by height and fresh and dry 
weights than seedlings grown at medium- and high-soil-moisture conditions. 
These differences were significant at the 1% level. As might be expected, 
the percentage of dry matter in the plants grown in low soil moisture was 
significantly higher than that in plants from the two other treatments. The 
differences in height and fresh and dry weights between plants grown in 
medium and high moisture were not statistically significant. 

Survival was good and fairly uniform in all treatments; it was slightly 
but not significantly higher in the medium-soil-moisture plots. The top- 
root ratios of the plants grown in medium and high soil moisture were not 
significantly different from each other, though both were significantly 
greater than the top-root ratio of plants grown under low-soil-moisture con¬ 
ditions. 

The total alkaloid and quinine-sulfate content of the roots and stems 
are given in table II. The roots of plants grown under medium- and high- 
soil-moisture conditions contained significantly higher total alkaloid and 
quinine sulfate than the roots of plants grown under low-soil-moisture con- 
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TABLE II 


Total alkaloid and quinine sulfate in boots and stems of Cinchona ledgeriana 

GBOWN UNDER LOW-, MEDIUM-, AND HIGH-SOIL-MOISTURE CONDITIONS 


Soil moisture 

Total alkaloids 

Quinine sulfate 

TREATMENT 

Stems 

Boots 

Stems 

Boots 


% 

% 

% 

% 

Low 

(9 to 13%) 

1.90 

3.49 

0.99 

1.77 

Medium 
(18 to 24%) 

1.87 

4.00 

0.83 

1.84 

High 

(30% to field capacity) 

1.78 

O O'? 

M.O • 

0.96 

1.90 


ditions. There was no statistically significant differences in the total 
alkaloid content of the stem nor of the quinine sulfate content of the stems 
and roots of the plants in the three treatments. 

Effect of soil moisture on mineral composition 

Prom the data presented in table III it is apparent that the soil mois¬ 
ture treatments had a moderate effect on the mineral composition of the 
leaves. The percentages of ash, calcium, and magnesium were somewhat 
higher in the leaves from plants grown under low-soil-moisture conditions 
than in those from plants grown under medium- and high-soil-moisture con¬ 
ditions. Leaves from plants grown under high-soil-moisture conditions 
contained the lowest percentage of ash, calcium, and magnesium, while 
leaves of plants from the medium-soil-moisture plots were intermediate with 
respect to these constituents. The reverse situation was true, however, with 
respect to the nitrogen, phosphorus, and potassium contents bf the leaves. 
Leaves from plants grown in low-soil-moisture plots contained significantly 
the least of these elements. There was no significant difference between 
the contents of these elements in leaves from plants grown in high- and 
medium-soil moisture. 


TABLE III 

Mineral composition of Cinchona ledgeriana leaves from plants urown under 

HIGH-, MEDIUM-, AND LOW-SOIL-MOISTURE CONDITIONS* 


Soil moisture 

TREATMENT 

Ash 

Total 

NltROGEN 

Phos¬ 

phorus 

Potas¬ 

sium 

Calcium 

Mag¬ 

nesium 

Low 

t 

% 

% 

% 

% 

% 

% 

(9 to 13%) ^ 

Medium 

4.99 

1.86 

0.19 

0.71 

0.77 

0.55 

(18 to 24%) 

4.65 

2.21 

0.23 

1.02 

0.69 

0.43 

High * 

(30% to field capacity) 

4.23 ’ 

2.35 

0.25 

1.09 

0.57 

0.41 


‘ Expressed as percentage of dry weight. 
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Summary 

1. Seedlings of Cinchona ledgeriana were grown in greenhouse chambers 
under high-, medium-, and low-soil-moisture conditions at Mayaguez, Puerto 
Rico. The temperature was automatically controlled and the humidity was 
maintained relatively high. 

2. Leaves of seedlings grown under high-soil-moisture conditions devel¬ 
oped necrotic spots between the veins and many of them eventually yellowed 
and abscissed. This disorder, which resembles magnesium deficiency or 
manganese toxicity in other plants, has been commonly observed in the sta¬ 
tion field plantings at Toro Negro National Forest, Puerto Rico. 

3. Seedlings grown under low-soil-moisture conditions were significantly 
shorter with a lower top-root ratio and less fresh and dry weight, but a 
higher percentage dry matter than seedlings grown under either medium- or 
high-soil-moisture conditions. 

4. Total alkaloid and quinine sulfate in roots of seedlings grown in 
medium and high soil moisture were significantly higher than those in roots 
of seedlings grown in low soil moisture. 

5. Pereentages of ash, calcium, and magnesium were highest in plants 
grown in low soil moisture and lowest in plants grown in high soil moisture. 
The nitrogen, phosphorus, and potassium contents, however, were signifi¬ 
cantly the least in plants grown in low soil moisture. 

Federal Experiment Station 

United States Department of Agriculture 
Mayaguez, Puerto Rico 
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DISTRIBUTION OF THIAMIN AND RIBOFLAVIN IN THE 

TOMATO PLANT 1 

Felix G. Gustafson 
Beceived March 30, 1947 

The vitamin content of plant material has been extensively studied 
during the last few years but these studies have dealt almost exclusively 
with single organs of a plant, such as fruits or other edible part, and only 
a few have been concerned with the distribution of these vitamins within 
the plant. The investigations that have had as their objective the deter¬ 
mination of the quantity of a particular vitamin in different parts of a 
plant have, in general, shown that the young parts contain more vitamin 
than the older parts. Lampitt, Baker, and Parkinson (8) found that 
ascorbic acid was present in highest concentration in young leaves and 
young tubers of the potato plant. Rytz (9) found that in the pea plant 
there was a decrease in thiamin as the plant aged, the leaves always con¬ 
taining more than the stem, which had a higher concentration than the roots. 
Flower buds were on par with young leaves. Burkholder and McVeigh 

(3) observed that in corn seedlings the embryo leaves contained most thia¬ 
min and, as the leaves became older, there was a decrease. The same authors 

(4) found that thiamin, riboflavin, niacin, and B,. (the antianeinie factor) 
increased in the buds of trees as they opened but again there was a decrease 
as the leaves matured. On the other hand, Burkholder and Snow (5) 
noted that in forest trees the buds contained more thiamin than the leaves. 
Bonner (1) and Bonner and Dorland (2) found that the youngest tomato 
leaves contained the highest concentration of thiamin, riboflavin, and panto¬ 
thenic acid. There was also a gradient in the stem with the younger part 
having more vitamin than the older part. The roots had a higher concentra¬ 
tion of riboflavin and pantothenic acid than any part of the stem, but 
thiamin was present in a higher concentration in the young stem than in 
the root. 

The present work has as its purpose to extend the work on distribution of 
vitamins in the tomato plant. 


Methods 

The method developed by Cownor and Straub ( 6 , 7) for combined ribo¬ 
flavin and thiamin determination has been used throughout the work, with 
only some slight modifications necessary ip the use of plant material. In 
this method the plant material is first homogenized and then extracted with 
0.05 N H.SO 4 solution at a temperature of boiling water for a period of 
one hour with occasional stirring. The extract is digested with clarase at 
1 Paper from hie Department of Botany of the University of Michigan, no. 846. 
This investigation has been aided financially by the Horace H. Backham Trust Fund of 
iie University of Michigan. 
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a pH of 4.5 for two hours at a temperature of 45° C. to break down the 
cocarboxylase which is a pyrophosphate estqr of thiamin. Next the digest 
is centrifuged for 45 minutes at 2,500 rpm. Twenty-five milliliters of the 
clear solution is slowly dropped, first onto activated Decalso then onto 
Florisil; the former adsorbs the thiamin and the latter the riboflavin. The 
adsorbents are held in place by a small amount of glass wool in 15-milliliter 
special tubes, and the tubes are so arranged that the solution runs from the 
one with Decalso into the one with Florisil. After the solution has run 
through the tubes the adsorbents are washed with 35 ml. of hot distilled 
water. The tubes are next separated and the thiamin is eluted with hot 
25% KC1 to a volume of 40 ml. Five-milliliter aliquots are oxidized with 
alkaline potassium ferricyanide to thiochrome, which is taken up in 15 ml. 
of isobutyl alcohol. The isobutyl alcohol is separated by centrifugation, 
pipetted off, and any water removed with anhydrous sodium sulfate. The 
fluorescence of the thiochrome contained in the isobutyl alcohol is deter¬ 
mined by a lumetron fluorimeter. The isobutyl alcohol, clarase, and per¬ 
haps the plant material itself, contains some material fluorescing in ultra¬ 
violet light; thus an unoxidized, as well as an oxidized, aliquot is run from 
each sample. The fluorescence of the unoxidized aliquot is subtracted 
from that of the oxidized aliquot and the difference is the fluorescence due 
to the thiamin present in the plant material. Repeated tests of the clarase 
have shown it to be free from thiamin. For standardization of the light 
intensity in the lumetron a quinine sulfate solution having a concentration 
of 27 mcg./ml. is used. 

The adsorbed riboflavin is eluted with 20 r /< pvridine-2% acetic acid 
solution and made up to a volume of 50 ml. Aliquots of 15 ml. are pipetted 
into brown Erlenmeyer flasks and the foreign substances which may also 
fluoresce are oxidized by 1% potassium permanganate, the excess of which 
is destroyed by 3% hydrogen peroxide. The riboflavin is determined in the 
lumetron by its yellow-green fluorescence in blue light. It has been found 
that the clarase contains some riboflavin and therefore a control is run with 
clarase and its fluorescence in blue light is subtracted from the plant sample 
to get the fluorescence due to the riboflavin in it. For standardization of 
the light intensity a 0.1 mcg./ml. solution of sodium fluorescein is employed. 
All of these determinations must be done in subdued light because ribo¬ 
flavin is destroyed by light. 

Calculations are made by the use of standard curves obtained by the 
use of known concentrations of thiamin and riboflavin. 

The plant material has been the John Baer tomato grown in the green¬ 
house. As the experiments have extended over a considerable period of time 
the plants have been exposed to different light conditions, but as no compari¬ 
sons are made between different experiments this does not matter. 

Results 

In this investigation attempts have been made to gain information on the 
general distribution of thiamin and riboflavin in the tomato plant. In the 
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first few experiments the apical part of the plant, including the immature 
stem and leaves, and mature leaves were used. Later a more extensive 
examination of the plant was made in which leaves of four different ages, 
obtained from different levels of a tall plant, were employed. Both of these 
sets of experiments are recorded in Section One of table I. It will be noted 
that the immature leaves and stem apex contain the most thiamin and ribo¬ 
flavin, and there is a gradual decrease in the concentration of these vitamins 

TABLE I 

This table is a summary of a number of experiments in which various comparisons 

AS TO CONCENTRATIONS OF THIAMIN AND RIBOFLAVIN HAVE BEEN MADE. THE FIGURES 
DENOTE MICROGRAMS PER GRAM OF FRESH MATERIAL. DIFFERENT GROUPS OF EXPERI 
MENTS ARE REFERRED TO AS SECTIONS FOR READY REFERENCE TO THE TEXT 


Section 

Date 

Part of plant used 

Thiamin 

Riboflavin 

1 

12—13 

Immature leaves and stem 

1.5 

1.9 

2.67 

3.22 


12-20 

Mature leaf, (only blade) 

1.2 

3.50 



Whole mature leaf 

Whole leaves from different parts 

0.46 

2.17 



of stem 




5-4 

a. Immature lea\es 

3.69 

1.57 




2.26 

2.83 


5-6 

b. Mature leaves—18 in. below a 

1.07 

1.47 




0.92 

1.82 



c. Mature leaves—15 in. below b 

0.23 

1.34 




0.67 

1.20 



d. Pale green with yellow markings 

0.77 

1.12 




0.08 

1.01 

II 

1-15 

Only leaf blade—mature leaf 

0.29 

2.05 



1.61 

1.20 


2-11 

Raehis and petiole 

0.00 

0.50 



0.04 

0.32 



Stem near leaf insertion 

0.06 

0.50 



i 

0.31 

0.45 

III 

2-5 

Apical part of plant 

1.22 

1.60 



1.23 

2.05 


6-8 

Middle part of plant 

0.46 

0.86 



0.27 

1.01 



Roots 

0.15 

1.02 




0.23 

0.99 

IV 

4-13 

Leaves 

0.77 

1.41 




0.92 

0.77 


4-15 

Ripe fruits 

0.73 

0.53 



0.46 

0.48 


as the leaves age. An apparent exception to this is the result for the ex¬ 
periment of May 4, in which t£e concentration of the thiamin is higher in 
the oldest leaves than in the ones just preceding them. The reason for 
this is that the oldest leaves used in this experiment were very old and some 
were partly* (lead with dry margins. This would increase the dry weight. 
Even under these conditions the riboflavin showed a steady decrease with 
the age of the leaves. These experiments are confirmations of Bonner’s 
findings (1) sdtne years ago for the tomato plant, and agree with investiga¬ 
tions df other plants where it has been shown that the young parts of a 
plqnt are richest in vitamins. 
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In the experiment of December 13, Section One of table I, only the leaf 
blade was used of the mature leaf and the thiamin content was essentially 
the same as that of the immature leaf and stem and the riboflavin concen¬ 
tration was even higher, whereas in another experiment run a few days later 
the whole mature leaf was quite low in these vitamins, thiamin especially. 
This led to an investigation of the distribution within the leaf and the stem 
to which the leaf was directly attached. Section Two of table I shows two 
of these experiments; the second one was run 13 months later than the 
first one. It is to be observed that the rachis and petiole contain no or 
very little thiamin and less riboflavin than the blade. The thiamin con¬ 
centration was very low in the first experiment and that may account for the 
lack of the vitamin in the rachis and petiole in this experiment; in the later 
experiment, however, the thiamin was quite high in the blade and yet the 
rachis and petiole were practically devoid of thiamin. The difference in 
the riboflavin concentration was somewhat less in the different parts. These 
experiments demonstrate clearly that the blade is richer in thiamin and ribo¬ 
flavin than either the rachis and petiole of the leaf or the stem to which the 
leaf is directly attached. 

It was also desirable to investigate the roots. For this purpose plants 
grown in nutrient solution were used. The two experiments cited under 
Section Three of table I were made on plants 13-16 inches tall in the first 
experiment and 24-26 inches tall in the second experiment. The second 
lot of plants were about three months old. Taking the two experiments to¬ 
gether the roots contain a little less thiamin than the leaves and stems of 
the middle portion of the plant and much less than the apical part, but 
the riboflavin is not essentially different in the roots and the middle portion, 
though here also the apical part is much richer in vitamin. The two experi¬ 
ments cited in table I were made four months apart and the results are 
essentially the same, though the plants were grown under different light 
and temperature conditions and the plants in the later experiment were 
more vigorous than those in the earlier one. 

One more group of experiments was set up to examine the relation 
between vitamins and tissue. In this group of experiments immature 
leaves and stems were obtained from the main apex of plants of different 
age-groups. The results are recorded in table II. The youngest plants 
always contained the lowest concentration of both thiamin and riboflavin, 
but the former showed a much greater difference. It is very surprising 
that the youngest plants, which have the highest physiological activity, had 
the lowest vitamin content. This can be explained in a number of ways. 
One might consider that a precursor for the vitamin is built up slowly and 
in some other part of the plant and as the plant becomes larger it produces 
more of this substance w hich is then activated in the young part of the plant. 
It could also be considered that a larger and older plant has accumulated 
more stored material which is used in the synthesis of the vitamins. As 
the days get longer and lighter in the spring it takes less time for this ma- 
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terial to accumulate and in April it has reached a sufficient level in three- 
months-old plants, whereas that was not true in January when the days 
were short and dark. 

Most of the data available on the tomato in the literature is on the fruit 
and as these experiments are concerned with the distribution in the whole 
plant a comparison between fruits and leaves has also been made. Section 
Four in table I shows two such experiments made in April. In one experi¬ 
ment the difference is very large but in the other it is small as to the thiamin 
concentration, but the riboflavin is always much more abundant in the leaves 
than in the fruits. Experiments made in January give a greater difference 
in both vitamins between the leaves and fruit than the later experiments. 
These findings are a little different from those reported by Wilson and 
Withner (10) who found that the thiamin concentration was always greater 
in the fruits than in the leaves and roots, but conversely the leaves had more 
riboflavin than the fruits. They used five varieties of tomato but not John 
Baer. 

Discussion 

While no experiments have been made to determine the effect of light on 
the formation of the thiamin and riboflavin there seems to be considerable 
evidence that light influences the synthesis of thiamin. In nearly all in¬ 
stances where determinations were made several months apart those made 
later when the days were longer and brighter had the higher concentration. 
This is specially well brought out in table II. No light measurements were 
made so naturally one cannot speak too authoritatively in this connection, 
but the general trend makes one suspect that light furthers the synthesis 
of thiamin, either directly or indirectly. The light does not seem to in¬ 
fluence riboflavin nearly so much. 

The great difference in thiamin and riboflavin concentration in the 
apical region of plants of different ages is very puzzling but as explained 
earlier it must be due to a larger amount of precursor produced in the 
larger plants. If this precursor or perhaps merely labile food material is 
conducted to the growing regions where the thiamin is synthesized the larger 
the photosynthesizing area the more of this material will be available. Un¬ 
doubtedly there would be reached an age or size after which there would 
be no further increase as the capacity of the synthesizing region has also 
been reached. It will be seen from table II that as far as the riboflavin is 
concerned this seems to have been reached in plants three months old in the 
April experiments, though perhaps not in the thiamin synthesis. This view 
is further strengthened by the fact that as more light becomes available 
for photosynthesis the difference between the young and old plants becomes 
less. 

There seems to be very little doubt as to the tissue in which the synthesis 
takes place. The leaves are much richer in vitamins than any other part 
of the plant and when the leaf is divided into blade, rachis, and petiole, 
the blade has practically all of the vitamin of the whole leaf. One might 
then think that there is a close relationship between photosynthesis and 
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thiamin, synthesis, but that need not be true. Leaves are active growth 
centers and there is no reason why vitamin synthesis should not also take 
place there, even though it is not in any way connected with photosynthesis. 

Summary 

The distribution of thiamin and riboflavin in the tomato plant has been 
investigated, and it has been found that: 

1. The immature leaves and stem have the highest concentration of these 
vitamins. 

2. In mature leaves practically all of the vitamin is in the blade of 
the leaf. 

3. The roots have as much riboflavin as the middle part of the plant 
but much less than the apical part of the plant. 

4. The roots have considerably less thiamin than the middle part of 
the plant. 

5. There is an increase in the thiamin and riboflavin in the tip of the 
tomato plant as it increases in age or size, at least up to 4 to 5 months. 

6 . The mature leaves contain more of these vitamins than do the ripe 
fruits. 

University of Michigan 
Ann Arbor, Michigan 
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THE ABSORPTION OF PHOSPHORUS AND IRON FROM 
NUTRIENT SOLUTIONS 1 

C. M. Franco and W. E. Loomis 

(with five figures) 

Received March 19, 1947 

Two of the more popular solutions for experimental culture of plants 
show a striking variation in the amounts of phosphorus used. Shive’s so- 
called best solution, R.-,-C 2 (4) contains 2.45 gm. per liter or 0.018 mols of 
KH 2 P0 4 , partly as a source of phosphorus, but more perhaps as an acid 
buffer tending to maintain the solution at pH 4.5-5.0. Hoagland’s 1940 
solution (2) on the other hand contains only 0.068 gm. per liter or 0.0005 
mols of the same salt. The Shive solution thus contains 36 times as much 
phosphorus as the equally successful Hoagland solution. As a portion of a 
general study of ion balance in nutrient solutions we have compared the 
growth, color and phosphorus absorption of several plants in these mixtures 
and in two experimental solutions; the first (“X”) somewhat resembling the 
Hoagland solution, but carrying more than half of its nitrogen as NH 4 N0 3 , 
and the second (“P”) being a modification of Zinzadze’s buffered solution 
(6) carrying a moderately high concentration of phosphorus as a colloidal 
precipitate of the tricalcium salt and with the nitrogen again added as 
NH 4 N0 3 . 

Methods 

Plants were grown in quart mason jars with cork stoppers (3). Four 
seedlings in each jar were thinned to two to obtain maximum uniformity. 
Five replicates were used for each treatment and some of the experiments 
were repeated as many as five times. Corn ( Zea mays), broccoli ( Brassica 
oleracea var. italica), soybeans ( Glycine max), tomatoes ( Lycopersicon escu- 
lentum), sunflowers ( Helianthus annuus), cotton ( Gossypium hirsutum), 
and rice ( Oryza sativa) were used in a main test of growth rates in April 
and May of 1945; corn, soybeans, and rice were used in June and July of 
the same year for studies of phosphorus absorption. Some of the plants were 
grown to fruiting, but, because of the small size of the culture jars, most of 
the work, including the phosphorus analyses, was done with plants 4 to 6 
weeks old. 

Concentrations of the salts used in grams per liter and of the various 
ions in millimols are shown in table I. Iron was furnished by 10 ml. of a 
0.1'/ solution of ferric tartrate at each change of solutions and by 1.0 ml. 
additions of the same solution one to three times a week as required. All 
solutions received 1.0 p.p.m. of boric acid and 0.5 p.p.m. of ZnSO* at each 
change. After the seedling period of 2-3 weeks, solutions were changed at 

i Journal Paper No. J-1434 of the Iowa Agrieultural Experiment Station. Project 

89«. 
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TABLE I 

Concentrations of salts in grams per liter and of ions in millimols 

FOR FOUR NUTRIENT SOLUTIONS 


Salt or ion 

Hoagland 
1940 (“H”) 

Shive R r -C 2 
(“8”) 

Exp. sol. 
“X” 

Exp. sol. 

< <p ») 


gm./l. 

gm./l. 

gm./l. 

gm./l. 

NH^NOa 



0.25 

0.286 

KNO, 

0.506 


0.25 


Ca(NOj), 

0.591 

1.228 

0.25 


KC1 



0.25 

0.50 

MgSOj 

0.247 

3.697 

0.50 

0.50 

Ca,(P0 4 ), 




1.00 

kh 8 po 4 

0.068 

2.450 

0.10 


Total 

1.412 

7.375 

1.60 1 

2.286 


m. mols 

m. mols 

m. mols 

m. mols 

Ca ++ 

2.5 

5.2 

1.1 

3.2 

Mg ++ 

1.0 

15.0 

2.0 

2.0 

K + 

5.5 

18.0 

6.6 

6.7 

nh 4 + 



3.1 

3.6 

NOr 

7.5 

10.4 

9.7 

1 3.6 

so 4 ~ 

1.0 

15.0 

2.0 

! 2.0 

hpo 4 - 

0.5 

18.0 

0.7 

3.2 


weekly intervals, except that solutions for larger plants (6-10 weeks) were 
changed at intervals of 3-5 days. 


Growth of plants 

The size ranking of plants started April 4-11 was estimated on May 10 
and again on May 23. Differences between the best and poorest cultures 


TABLE II 

Banking from: best to poorest of seven species in four solutions. 
Experiment started week of April 4 


Bank on basis of top and root growth 



First 

Second 

Third 

Fourth 

May 10, 1945 

Com 

H 

X 

P 

8 

Broccoli 

P 

X 

H 

S 

Soybeans 

P 

X 

S 

H 

Tomatoes 

P 

X 

8 

H 

Sunflowers 

P 

X 

H 

8 

Cotton 

P ^ 

s 

H 

X 

Rice 

P 

X 

S 

PI 

Scores 

P 26 

X 19 

H 12 

S 12 

May 23, 1945 

Corn J 

H 

P 

8 

X 

Broccoli 

X 

P 

H 

8 

Soybeans 

P 

X 

H 

8 

Tomatoes 

P 

X 

S 

H 

Sunflowers * 

P 

H 

X 

8 

Cotton 

P 

H 

s 

X 

Rice 

X 

P 

s 

H 

Scores 

P 25 

X 18 

H 16 

8 11 
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were slight in. tomato to marked in soybean and broccoli (fig. 1). Rankings 
together with a score obtained by assigning a value of 4 for first rank, 3 for 
second, etc., are shown in table II, and six of the plants are shown in figure 1. 

On the basis of the scores in table II the ‘ ‘ P ” solution containing NH*N0 3 
and Caj(P0*) 2 was the best for the plants tested, while Shive’s R s -C 2 (“S”) 



Fig. 1. Six species grown in four nutrient solutions. A, soybeans; B, corn; C, 
tomatoes; D, rice; E, broccoli; F, cotton. Left to right in each photograph: Hoagland’s 
solution Shives R r -C_, (“S”), a buffered solution (“P”) and an unbuffered 

solution with IS T H,NO, (“X”). Plants started April 4-11, photographed June 15. 

rated only one second place in the upper brackets. There was much evi¬ 
dence, however, that the “best” solution changes with the light and tempera¬ 
ture conditions (1), with the plant, and perhaps most rapidly with the age 
of the plant. “X” was a good solution for young corn plants, but they soon 
developed root rots in the excessive acidity produced. On the other hand, 
larger plants did reasonably well when returned to this solution (fig. IB). 
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Small corn in Hoagland’s (“H”) solution is chlorotic and may die unless 
especial attention is given to the iron supply. Even badly chlorotic plants 
recover quickly, however, if the phosphorus is omitted from the solution for 
the first half of the week. Figure 2A shows this effect. The solutions were 
identical except for the time of adding phosphorus. Soybeans also do poorly 
in “H” solution, but can be carried by delaying the phosphorus (fig. 2B). 
This principle was used by Weiss (5), working in this laboratory. Chlorosis 
was induced in genetic lines of soybeans to be tested for efficiency of iron 
absorption by adding moderate quantities of KH 2 P0 4 to a large culture tank. 
A differential chlorosis developed among the lines which disappeared as the 
phosphorus was exhausted and more iron was added to the solution. 



Fio. 2. Effect of alternating phosphorus and iron in Hoagland’s solution. A, corn; 
B, soybeans; left in each photograph, phosphorus and iron added together at solution 
changes; right, phosphorus addition delayed 2-4 days to permit unhindered iron ab 
sorption. 

The effect of phosphorus in causing chlorosis in “H” but not in “S” 
solution, which contains 36 times as much phosphorus, is explainable on the 
basis of pH. The pH’s of fresh and used solutions in table III show that 
the large quantity of KH 2 P0 4 tended to maintain an acid reaction favorable 
to iron absorption. Modified Shive solutions containing intermediate con¬ 
centrations of acid phosphate are less successful. In Shive’s original paper 
( 4 ), solutions in the Ri series contained KH 2 P0 4 at 0.0036 mols; series R 2 
at twice this concentration, R 3 at three times, etc., to R 7 . None of the R t or 
R 2 solutions was ^ated good while R 4 ’s and higher were mostly good to excel¬ 
lent, and three solutions, R.,-C 3 , R 4 -C s , and R 7 -C 2 , were not significantly 
poorer than R,-C 2 . 
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TABLE III 

Hydrogen ion concentrations (pH) of fresh and used nutrient solutions 


Solution 

Fresh solution 

Used solution, 
3-4-week plants 

Used solution, 
5-6-week plants 

Hoagland 1940 

5.20 

5.80-6.35 

5.40-6.55 

81iive R*-C» 

4.45 

4.85-5.65 

4.45-5.70 

Exp. sol. “X” 

5.25 

3.55-4.40 

3.70-5.70 

Exp. sol. “P” 

6.10 

5.50-6.30 

5.15-5.60 


Ammonium nitrate was added to solutions “X” and “P” as a neutral 
source of nitrogen. We were very considerably surprised, therefore, to find 
that the pH of the unbuffered solution “X” dropped as low as pH 2.9 and 
always w'ent below 4.0. The cause of the acidity was shown to be the prefer¬ 
ential absorption of ammonia ions by all of the plants studied at all stages of 
growth up to early fruiting. Ammonia was absorbed faster than NO s ~ from 
the unbuffered “X” solution, the buffered “P” solution or pure NH 4 NOj. 
Corn and cotton roots (fig. IF) were injured in these acid solutions but soy¬ 
beans made excellent growth with a very dark green color (fig. 1A). Young 
plants sometimes became chlorotic in “X” because they did not absorb nitro¬ 
gen fast enough to develop an acid reaction. With large plants nitrogen 
absorption was so rapid that the acid phase was ended on the second or third 



Fig. 3. Phosphorus absorption by three species grown in “X” and Hoagland 
solutions. 
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day by nearly complete absorption of both NH 4 + and N0 3 ~. In the “P” 
solution the Ca 3 (P0 4 )2 prevented low pH values. At the lower pH’s shown 
for this solution in table III, phosphorus became more soluble (fig. 5) and 
some tendency toward chlorosis was observed. 

The absorption op phosphorus 

The apparent interaction of phosphorus and pH in iron chlorosis led to 
a detailed study of P0 4 absorption from the four solutions. The results are 
shown graphically in figs. 3, 4, 5. The “H” and “X” solutions (figs. 3A 
and B) starting respectively with 14 and 21 p.p.m. of phosphorus dropped 
to 1 p.p.m. or less in 5 or 6 days. Essentially all of the 0.068 or 0.100 gm. 



Fig. 4 . Phosphorus absorption by three species grown in Shive Bolutiou. 

of KH a P0 4 added was absorbed. The 500 p.p.m. of phosphorus in the “S” 
solution was reduced to about 300 p.p.m. in a week (fig. 4) with a phosphorus 
absorption 10 or$5 times that in the'‘X’’and'‘H’’solutions. The fact that 
such heavy absorption did not seriously interfere with iron utilization is 
evidence that the interference observed with the “H” solution occurred out- 
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side the plant. Soluble phosphorus concentrations in the “P” solution, 
which contained a large excess of colloidal Ca 3 (P0 4 ) 2 , started at about 10 
p.p.m. and climbed to 20-30 p.p.m. on the second and third days (fig. 5) as 
some of the insoluble phosphate was brought into solution by accumulating 
HN0 3 from the differential utilization of NH4NO3. Soluble phosphorus then 
tended downward but remained above 10-20 p.p.m. after 10 days. The “P” 
solution has been best for small plants with slow NH 4 + absorption so that the 
pH is held near 6.0. Very little iron chlorosis develops in these cultures in 



Fig. 5. Phosphorus absorption by three species grown in the Ca.i(P0 4 ) a buffered 
i ‘ P 1 ’ solution. 

spite of the high pH and phosphorus, suggesting that it is the dibasic or more 
probably the monobasic phosphate ion which precipitates the iron. The 
“P” solution would probably be improved for older plants by using some 
Ca(NO a ), along with Ca(Cl) 2 in forming the Ca 3 (P0 4 ) 2 . • The result would 
be a partial replacement of KC1 by KN0 3 , a higher total nitrogen and per¬ 
haps less tendency for excess solubility of the phosphorus. 

Discussion and summary 

Moderate amounts of KH 2 P0 4 (0.5 to 0.7 millimols) caused iron chlorosis 
of seedlings in solutions less acid than pH 5.5-6.0. The trouble could be 
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avoided by omitting the phosphorus entirely and adding it separately after 
2-4 days. Even with this modification the Knop type of solution (Hoag- 
land, 2) caused persistent chlorosis in soybeans and broccoli. 

In the commonly used Shive solution (R 5 -C 2 ) a large excess of KH 2 P0 4 
holds the pH of the solution between 4.5 and 5.0 and chlorosis is moderate to 
slight. The Shive solution contains 36 times as much phosphorus as the 
Hoagland and 6-week-old plants growing in it absorbed 15 times as much 
to make a slightly poorer growth. The addition of as little as 0.125 gm. per 
liter of NH 4 NO 3 resulted in decidedly acid solutions in every experiment 
with nine plant species representing seven families. Initial pH’s of 5.25 in 
an unbuffered solution fell to minimums of 3.9 to 2.9 and then rose, to pH 
5.0 or 6.0 with large plants. The low pH’s were shown to be due to a prefer¬ 
ential absorption of NH 4 + ion and the later rise to the slower absorption of 
the NOjT ion. The use of NH 4 N0 3 prevented iron chlorosis with some plants, 
notably soybeans, but resulted in acidities which were injurious to young 
corn and to cotton. In work done in this series but not described above, the 
“X” solution containing NH 4 N0<( gave exceptional growth of young coffee 
(Coffea arabica), but was toxic to older plants. 

It is probable that iron chlorosis has more effect on solution culture results 
than any other single factor, and frequently than all other factors. Iron 
absorption from cultures is reduced by phosphorus, probably by H 2 P0 4 “ ions 
especially, at pH’s of about 6.0 or higher. The use of Caj (P0 4 ) 2 reduces the 
trouble as does the use of enough KH 2 P0 4 to maintain a pH below 5.5. In 
tank culture H 2 S0 4 may be used more cheaply to accomplish the same result. 
In miscellaneous work with the Knop type of solution chlorosis can be re¬ 
duced or prevented by omitting phosphorus from the solution and adding 
it separately 2-4 days later after iron has been absorbed. 

Instituto Agbonomico 
Campinas, Brazil, and 
Iowa State College 
Ames, Iowa 
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BRIEF PAPERS 

SELECTIVITY OF 2,4-D AND SINOX WHEN APPLIED TO SOIL 

L. L. Danielson 
(with one figure) 

Received July 18, 1947 

The use of 2,4-D (2,4-dichlorophenoxyacetic acid) and Sinox (sodium 
dinitro ortho eresylate) for the control of weeds in broadleaf crops has not 
proved feasible in any general way. Evidence is accumulating, however, 
to show that certain crops may be treated with these materials in some stages 
of development, and in some cases during dormancy, without producing 
apparent injury. Crop plants of this type, however, are very limited in 
number. 

The application of these chemicals to the soil to control w T eeds in field 
seed beds seemed to present a possibility for extending their use. Accord¬ 
ingly, a preliminary experiment was conducted in 1946 to canvass the possi¬ 
bilities in such a method of application. 

The trials were conducted on a Sassafras loam prepared as for seed¬ 
ing corn or lima beans. Sinox in concentrations of one to four gallons 
per acre and 2,4-D (70% sodium salt) in concentrations of 1 to 4 pounds per 
acre were applied as a spray on this freshly prepared soil. The chemicals 
named were applied on plots 8 by 50 feet square in sufficient water to pro¬ 
vide 500 gallons per acre to make possible the uniform distribution of the 
chemicals. 

TABLE I 

Effect of .soil treatments on weed populations expressed as number of 

BROADLEAF AND GRASS PLANTS PER SQUARE YARD* 


Sinox—Gals, per acre 

Broadleaf plants 

Av. 3 areas 
% control 

Grass plants 

Av. 3 areas 
% control 

1 

47.3 

46.1 

169.6 

10.4 

o 

8.3 

90.6 

148.3 

21.7 

3 

2.6 

96.8 

98.6 

11.6 

4 

0.0 

100.0 

75.6 

31.5 

2,4*D— Lbs. per acre 

1 

O 

3 

4 

Broadleaf plants 

Av. 3 areas 

26.6 

27.6 

28.3 

40.3 

% control 

67.0 

65.8 

81.1 

73.1 

Grass plants 

Av. 3 areas 

16.6 

21.0 

16.3 

9.6 

% control 

85.0 

81.0 

88.3 

93.1 


* Principal broadleaf weed was carpetweed (Mollugo verticillata). Principal grass 
was crabgrass (Digitana sanguinahs). 2,4-D used was the sodium salt in 70% concen¬ 
tration. Soil treated 7/1/46. Populations counts made 8/22/47. 
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The applications were made in the first week of July 1946 and were 
evaluated 7 weeks later. The treated areas were not cultivated during this 
period. 

Periodic examination of these plots revealed a striking difference be¬ 
tween the plant selectivity of the two chemicals as applied to the soil in the 
manner described. As is generally known, the selectivities of these mate¬ 
rials are very similar when applied to the foliage of growing plants. Evalu¬ 
ation of these plots 7 weeks after treatment, table I, showed that the 2,4-D 
was toxic to both the grasses and the broadleaf weeds, whereas the Sinox 
was only slightly toxic to the grasses but very toxic to the broadleaf weeds. 
Figure 1 shows the effective control of grasses and broadleaves of a 4-pound- 
per-acre application of the 2,4-D. 



no. 1. Clieck plot (1) at left above. Plot (2) at right which received 4 pounds 
per acre of the sodium salt of 2,4-D (70%) applied to the soil in 500 gallons of water 
per acre. 

The toxic effects of these materials were rather quickly dissipated in the 
soil as indicated by the normal growth in all treatments of a planting of 
Henderson bush lima beans and Golden Cross sweet corn made ten days 
after the chemicals were applied to the soil. The effective rainfall during 
the interval between treatment and planting was 3.75 inches. 

The results of these preliminary trials are considered as indicative 
rather than conclusive because of their limited nature in terms of weather 
and soil variations. 

Virginia Truck Experiment Station 
Norfolk, Virginia ’ 


MACGILLIVRA'F: SOLIDS CONTENT OP WATERMELONS 


637 


SOLUBLE SOLIDS CONTENT OP DIFFERENT REGIONS 
OF WATERMELONS 

John H. MacGillivray 
(with one figure) 

.Received January 27,1947 

Several workers have used a hand refractometer to determine the soluble 
solids content of watermelons, Citrullus vulgaris Schrad. These values 
appear to be closely related to the sugar content of the melon. Judging 
from the data of Porter, Bisson, and Allinger (2) in Klondike water¬ 
melons, 85% of the soluble solids consists of total sugars. Thus, the hand 
refractometer reading has been used as a measure of quality. An accurate 
method of determining soluble solids is especially valuable in studying the 
effect of this quality factor, both in improvement programs and in work on 
the effect of environment on quality. An accurate method of sampling the 
melon is also of critical interest. In 1934 Tucker ( 4 ) noted the variability 

of different sections of a watermelon in soluble solids content. Since Tucker’s 
# 

data were limited to observations on one melon, it has seemed desirable to 
repeat the work, using a larger number of fruits. 

In 1938, watermelons from an irrigation experiment were used in this 
project. Both nonirrigated and heavily irrigated melons of the Klondike 
variety were included. Previous studies (1) have shown that, at Davis, 
California, irrigation does not greatly affect soluble solids content. All com¬ 
parisons in this paper were between readings made on the same melon. For 
the determinations, the melon was placed with the ground spot on a table 
and cut into equal halves vertically from stem to blossom end. The areas 
shown in figure 1-B were then sampled. Sample areas in the red flesh were 
given numbers, whereas those close to seed regions were indicated by small 
letters of the alphabet. Next, the sampled half was laid on the table with 
the cut surface up. The melon was cut vertically from stem to blossom end 
into two quarters. The cut surface of the quarter having the ground spot 
was then sampled (fig. 1-A). All samples were obtained from the edible 
flesh even though close to seed or rind. Juice was expressed by hand from 
a cube of the flesh about one-half inch on each side. Soluble solids content 
of each sample was determined with a hand refractometer. A scale on this 
instrument gives the solids percentage of pure sucrose solutions. Readings 
thus obtained are called, in this paper, “soluble solids.” Values found are 
the averages obtained from twenty-three melons used in this experiment 
* (fig. 1 and table I). 

Edible flesh was removed from the two quarters used for the small sam¬ 
ples, and the juice was extracted by hand, pressing the flesh in a piece of 
cheesecloth. The soluble solids content of this juice was considered repre¬ 
sentative of the whole melon. ' 
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In each of the watermelons twenty-three areas were sampled. Table I 
shows these values, arranged in a descending order from the largest to the 
smallest. The data indicate a marked decrease in the sugar content as the 
samples approach the rind from the seed area. High soluble solids are found 
in the center flesh of the melon, including the surrounding tissue near the 
seed area. These values which vary from 12.85% to 12.25%, average 12 59% 



Fig. 1 . The percentage of soluble solids m the different areas of a watermelon. 

soluble solids. Flesh near the rind is low in soluble solids, varying from 
10.74% to 8.57% and averaging 9 33%. The blossom end is almost 2% 
higher in solids than the stem end; likewise the samples near the upper rind* 
are higher than those near the ground. The watermelon fruit seems to be 
consistently variable in soluble solids content. 

To compare og improve varieties as to quality, one must have some method 
of obtaining an adequate sample. For some light on this problem, one may 
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compare the results obtained from the individual samples and the soluble 
solids content of the juice from the half melons. Juice from the halves aver¬ 
aged 11.23% soluble solids. The average for all the small samples (1-14, 
a-i) is 11.06%. When the average value of the melon was determined by 
averaging the twenty-three (fig. 1-A and 1-B) small samples ahd compared 
with the value for the half melons, there was found (by Student’s method) 
a significant difference. Since the odds in this case were 103 to 1, evidently 
the twenty-three samples include too large a proportion of those near the 
rind. On the other hand, averaging the seventeen samples from the half 
(1-11, a-f) of the melon, one finds a value of 11.22%, which is not signifi¬ 
cantly different from our value for the half melon sections (11.23%). If 


TABLE I 

Soluble solids content or different sections or a watermelon fruit 


Melon section—seed or center 

Melon section- 

—NEAR RIND 


Section 

Soluble 

Section 

Soluble 

Melon 

DESIGNATION, 

solids* 

DESIGNATION, 

solids* 


FIGURE 1 


FIGURE 1 




% 


% 

Seed. 

B-b 

12.85 

B-5 

10.74 

Center . 

B-4 

12.78 

B-8 

10.21 

Seed. 

R-f 

12.73 

B-ll 

9.94 

Seed. 

B-a 

12.65 

B-7 

9.78 

Seed. 

B-e 

12.63 

B-6 

9.47 

Seed. 

R-d 

12.59 

B-10 

9.23 

Seed. 

A-h 

12.55 

B-l 

8.77 

Center . 

B-3 

12.53 

B-9 

8.72 

Seed. 

B-c 

12.53 

A-14 

8.63 

Seed. 

A-i 

12.47 

A-13 ! 

8.59 

Seed. 

A-g 

12.43 

A—12 

8.57 

Center . 

B-2 

12.25 




* Arranged in descending order. 


individual regions are compared within a given melon, a difference of about 
0.6 c /c soluble solids is necessary for a significant difference, with odds of 
19 to 1. 

None of the twenty-three areas selected had an average value of 11.23%. 
Twelve of the percentages are higher and eleven are lower. If, for sampling, 
one must choose a sector that is similar in composition to all the juice, it will 
have to be located between the rind and the seed region. Such a sector might 
lie between samples 4 and 5. Area 3, which has been used for sampling 
many melons, is desirable from the standpoint of the small variation from 
the surrounding tissue. One should remember that this area is 1.3% higher 
in soluble solids than the average. 

In a fruit so variable as the watermelon, the choice of one area for sam¬ 
pling must involve certain dangers of inaccuracy. The data obtained in this 
experiment resemble those published by Tucker ( 4 ) on the variability of the 
readings. According to Tucker, the center flesh varied from 8.1% to 14.9% 
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soluble solids, and the flesh near the rind from 4.1% to 6.8% soluble solids. 
Scott and MacGillivray <8) have shown a similar amount of variability in 
cantaloupe fruits, Cucumis melo L. 

Division or Truck Crops 
University op California 
Davis, California 
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NOTES 


Chicago Meeting. —Plans for the annual meeting of the Society include 
the usual dinner to be held at the Congress Hotel which is near Headquarters 
at the Stevens; the price will be $3.50 per plate. In the light of present 
arrangements for session rooms it is imperative that all members of the 
Society register since the more Plant Physiologists who register, the larger 
the proportion of room rentals for our Society that will be paid by the 
A.A.A.S. Full publicity has been released relative to registration and the 
General Program may be obtained from the offices of the A.A.A.S. at 1515 
Massachusetts Avenue, N.W., Washington 5, upon payment of the usual fee 
of two dollars. This program is planned for release on December 1; early 
registration is suggested. ' 

Purdue Section Meeting. —On July 24 and 25, the Purdue Section of 
the American Society of Plant Physiologists celebrated the Twenty-first 
Anniversary of its organization in 1926. Dr. E. J. Lund, University of 
Texas, gave three lectures on the general subject of “Bioelectrical Phe¬ 
nomena and Cell Correlations” followed by a round table discussion of \he 
results that he presented. The meetings were opened with registration dur¬ 
ing the morning of July 24 and inspection of a number of interesting projects 
in the biological laboratories. Forty-five people attended the noon luncheon 
and heard a very interesting and enlightening discussion concerning the pro¬ 
posed Institute of Biological Sciences by Dr. J. Fisher Stanfield. About 
90 attended Dr. Lund’s first lecture on “Pattern and Variations of the Bio¬ 
electric Field” and the same number heard his second lecture at the dinner 
meeting on Thursday evening on “Orientation of Growth and Polarity of 
the Field.” About 70 were present to listen to a discussion Friday morning 
on “Electrochemical Basis of the Electric Polarity of the Cell” and partici¬ 
pated in a round table discussion following the lecture. The meetings were 
climaxed with a trip through Turkey Run State Park which fifty attended 
on Friday afternoon. Officers for next year are Dr. R. E. Girton, Chair¬ 
man and Dr. H. H. Kramer, Secretary-Treasurer. 

General Botany Laboratory Book.— Edward M. Palmquist and Loren 
C. Petry. W. B. Saunders Co., Philadelphia. 174 pages. $2.25. This 
latest addition to the list of manuals for introductory plant science repre¬ 
sents thirty-five exercises which are adaptable to varied types of courses. 
Many questions, with space for answers, provide motivation for closer study 
of materials; prepared drawings for labelling are ample. With a coiled wire 
binding it is intended that the book should be turned in for examination as 
a unit rather than as separate exercises; certain record sheets, however, are 
to be torn out and handed in. Winter keys to common trees are included in 
the appendix. This manual is clearly written and illustrated, represents 
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time-proven experiments, and should be well received as a useful guide in 
the laboratory. 

Abdel Galil El Gawadi. — Dr. Abdel Galil El Gawadi was born May 4, 
1908 at Faraskur, Egypt. Educated in Egypt, he entered Fouad I Uni¬ 
versity of Cairo in 1926 and continued his education at Cambridge Univer¬ 
sity, England where he received the Doctor of Philosophy degree in 1935. 
Here he met his future wife, Hilda Robisher, and two daughters, Aida and 
Nadya, were born of his marriage in 1936. 

Dr. Gawadi returned to Egypt to continue his career at Fouad I Univer¬ 
sity as a lecturer in Plant Physiology where he remained until 1942 when he 
was transferred to the new Farouk I University of Alexandria. Coming to 
the United States in 1946 he affiliated with the Brooklyn Botanic Garden as 
a Research Fellow with the general problem of Leaf Abscission. A promis¬ 
ing career was brought to an abrupt end by his death on August 21, 1947. 

While Dr. Gawadi had enjoyed only limited opportunities to enlarge 
his circle of friends in this country he was highly esteemed by his colleagues. 
Clarity of vision, a cordial 'manner, and scrupulous honesty were attributes 
enjoyed and respected by all who knew him. 

Radioactive Tracers in Biology: An Introduction to Tracer Method¬ 
ology. — Martin D. Kamen. Academic Press Inc., New York, 1947. 231 

pages. $5.80. This manual reviews concepts in nuclear physics which are 
basic to proper application of tracer methods in biology and provides a criti¬ 
cal survey of existing procedures with potentialities and limitations thereof 
for general biological research. The author presents the actual data of his 
own and many other original investigations employing radioactive isotopes. 
Reference is also made to the use of stable isotopes in tracer studies though 
somewhat briefly in the interest of clarity. A survey of special topics, con¬ 
cerning medical applications of radioactive isotopes is included in the final 
section of the book. 

Though this book is not a compendium for experts, it provides a thorough 
introduction to tracer research in biology and will be of inestimable value to 
biochemists, physiologists, and physicians seeking orientation tracer method¬ 
ology and peaceful applications of nuclear energy. The text includes dis¬ 
cussion of atomic nuclei, radioactive isotopes and methods of their produc¬ 
tion, radiation <il|i>acteristics of tracer atoms and procedures for assay 
thereof, followed by comments on radioactive forms of hydrogen, carbon, 
phosphorus sulphur, the light and heavy metals. The author’s style is 
lucid, the contents are very coherently organized and the text is generously 
illustrated. There are numerous yet carefully selected citations in extension 
as well as in $ipport of the text, enabling those who desire more extended 
knowledge of current aspects of radiobiology to obtain ready access to the 
most authoritative and recent publications in the field. Author and subject 
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indices make the contents available for rapid reference. The book serves a 
most useful purpose for biologists in collation and evaluation of a 'widely 
scattered literature as this relates to theory, preparation, testing and results 
in tracer research. The author and publisher are to be commended on the 
timeliness and general excellence of the book. 

Fatty Acids, Their Chemistry and Physical Properties.—K, S. Mask- 
ley. Interscience Publishers, 215 Fourth Avenue, New York 3. 668 pages. 
$10.00. This monograph deals with the chemistry and technology of fats, 
oils, and related substances. The subject matter is well organized and brings 
together in an accessible form many data pertaining to the chemical reac¬ 
tions and physical properties of the fatty acids, with particular stress on 
the long chain fatty acids. With preliminary chapters on the history, 
classification, nomenclature, and isomerism of fats, waxes, and fatty acids, 
subsequent chapters discuss physical properties, chemical reactions, syn¬ 
thesis, isolation, and identification of fatty acids. Many new aspects of 
spectral properties, pyrolysis, autoxidation, and the biosynthesis of fatty 
acids are presented. 

Although the book is principally intended for chemists much vital infor¬ 
mation will be of interest to the plant physiologist, particularly the section 
on synthesis in plants. The excellent organization of the material will 
obviate much laborious search of the literature for those interested in this 
type of research. 

Bioelectric Fields and Growth.— E. J. Lund and Collaborators. 
University of Texas Press, Austin, Texas. 391 pages. $7.50. This book 
collates the major research of the laboratories of physiology and biophysics 
at the University of Texas. It is a very helpful interpretation of experi¬ 
mentation by the outstanding leaders of the rapidly expanding field of 
electrophysiology. 

Theoretical aspects of the subject matter are closely integrated with the 
experimental data, presented under seven separate headings. The first con¬ 
siders the topic of Electric Fields of the Cell and Polar Cell Aggregates, the 
second and third deal with the Effects of Gravity on the Electric Correlation 
Field in the Oat Coleoptile and the Spontaneous Variations in the Electric 
Field Potentials of the Root of the Onion. The subsequent sections treat 
the topics of Polar Bioelectric Fields and Polar Growth Under Conditions 
of Applied Electric Fields, Biocoulometry, General Discussion of the Results 
and Significance of the Results by the senior author. The final section con¬ 
sists of a concise bibliography of Continuous Bioelectric Currents and Bio¬ 
electric Fields in Animals and Plants with index by H. F. Rosene. 

Acta Scandinavica.—Volume 1,1947. Published by Chemical Societies 
in Denmark, Finland, Norway, and Sweden. Distributed by Einor Munks- 
gaard, Copenhagen, Denmark. Annual Subscription, $8.50 plus postage. 
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The Journal Acta Chemica Sdndinavica is again readily available to Ameri¬ 
can subscribers. Dealing with the work of Scandinavian chemists in the 
fields of general, physical, inorganic, organic, and biochemistry, this publi¬ 
cation appears ten times yearly. All articles and contributions are printed 
in one of three languages: English, French, or German. Aquaintanceship 
with this journal should be especially helpful to the American plant physi¬ 
ologist in keeping abreast with recent research of the Scandinavian countries. 

Advances in Enzymology and Related Subjects of Biochemistry.— 

Volume 7,1947. Edited by F. F. Nord, Interscience Publishers, 215 Fourth 
Avenue, New York 3. 665 pages. $8.75. Of special interest to physiolo-* 

gists in the newest volume of this distinguished series will be the sections on: 
Permeability and Enzyme Reactions by S. C. Brooks; Properties.of Pro¬ 
toplasm with Special Reference to the Influence of Enzyme Reactions by 
William Seifriz; Applications of Radioactive Indicaters in Turnover Stud¬ 
ies by G. Hevsey of Stockholm; Bacterial Luminescence by Frank H. John¬ 
son; Heme-Linked Groups and Mode of Action of Some Hemoproteins by 
Hugo Theorell of Stockholm; Interrelations in Microorganisms between 
Growth and the Metabolism of Vitamin-like Substances from Fungi and 
Green Plants by Frederick Kavanagh ; and Recent Progress in Industrial 
Fermentations by F. M. Hildebrandt. This volume also contains a cumula¬ 
tive index to Volumes I to VII as well as author and subject indices to Vol¬ 
ume VII. 

Annual Review of Biochemistry.—Volume XVI, 1947. Annual Re¬ 
views, Inc. Stanford University Postoffice, California. 740 pages. $6.00. 
Of the twenty-five sections of the most recent volume of this review journal, 
the following will be of particular interest to physiologists: Biological Oxi¬ 
dations and Reductions; Proteolytic Enzymes; Metabolism of Lipids, Car¬ 
bohydrates, Proteins and Amino Acids; Antioxidants; Nitrogenous Consti¬ 
tuents of Plants; Mineral Nutrition of Plants; Growth Substances in Higher 
Plants and Bacterial Metabolism. The volume contains complete, cross- 
referenced author and subject indices. 

Plant and Soil.—Volume 1,1947. E. G. Mulder, Editor. A new peri¬ 
odical published by Martinus Nijhoff Company, The Hague, Holland. 400 
pages. Subscription $7.50 pep volume. A new important international 
periodical, “Plant and Soil,” will be issued towards the end of 1947. It is 
devoted to the study of plant nutrition, plant chemistry, and the related sub¬ 
jects of soil,science, soil microbiology, and soil-borne plant diseases. Realiz¬ 
ing that the increasing demand for intensive crop production all over the 
world necessitates a quick exchange of the results of scientific research be¬ 
tween the woriers in this field, a number of outstanding scientists from dif¬ 
ferent countries have decided to collaborate in establishing this new journal. 

Among the Editors we read the names of Gaumann of Zurich; Lunde- 
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gArdh, Penningby, and Melin of Uppsala jspHoagjjAnd oi Beraeley; Kon- 
ingbbergee of Utrecht; Waksman of New Brunswick; Westerdijk of Baam; 
Vebtanen of Helsinki, and many other outstanding scientists. Original 
contributions in English, French or German may be sent to the secretary 
of the Board of Editors, Dr. E. G. Mulder, Agricultural Experiment Sta¬ 
tion, Eemskanaal ZZ. 1, Groningen, Holland. 

Statistical Analysis of Biology. — K. Mather. Interscience Publish¬ 
ers, 215 Fourth Avenue, New York 3. 267 pages. $5.00. This book is a 
valuable analytical tool to plant scientists and research workers in general. 
The author outlines the scope of the various statistical methods and their 
interrelationship. Representative analyses and examples in the text show 
how statistical evaluations are applicable to the data of the biological sci¬ 
ences. The subject matter dealing with such basic principles of statistics 
as Probability and Significance, Distributions, Tests of Significance, The 
Interrelationship of Two Variables, Polynomial and Multiple Regressions, 
and Correlations is couched in a language readily understood by the non¬ 
mathematician. A glossary of terms also facilitates acquaintanceship with 
the vocabulary and mathematical symbols used in statistics. The volume 
consists of 13 chapters with an individual list of references for each subject. 
A set of conversion tables and a general index are also included. 

Methods of Vitamin Assay. —Prepared and Edited by the Association 
of Vitamin Chemists, Inc. 1947. Interscience Publishers, 215 Fourth 
Avenue, New York 3. 189 pages. $3.50. This monograph meets the need 
for a concise yet critical compilation of standardized methods of vitamin 
analysis. Methods are presented for analysis of foods, feedstuffs, pharma¬ 
ceutical, and biological products. The most accurate and widespread meth¬ 
ods for determination of the major vitamins are listed along with selected 
references to other methods. Separate bibliographies pertinent to the par¬ 
ticular subject are included with each individual chapter. 

Technological and Physical Investigations on Natural and Synthetic 
Rubbers. —A. G. Wildschut. 1946. Elseveir Publishing Company, Inc., 
New York. 173 pages. $3.00. This book is one of a series of monographs 
on the progress of research in Holland during the war. The subject matter 
comprises technological investigations and physical investigations on natural 
and artificial rubbers and related components as carried on in the Nether¬ 
lands from 1939 to 1944. Though the book is intended primarily as a refer¬ 
ence for rubber technologists, this volume will be of interest and use to plant 
scientists as a compilation of much important research on rubber carried on 
during World War II. 
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